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ABSTRACT

Polyamidoamine (PAMAM) is a dendrimer structure with a polypeptide backbone
architecture. It has been utilized in a wide variety of applications but has found significant utility
in biomedical applications. PAMAM has been studied extensively due to its globular structure that
is similar to proteins found in the body. The branched architecture and overall size provide a
favorable environment for host-guest interactions and allows for the loading of small molecules
for therapeutic delivery. Although PAMAM has many benefits for use in the area of therapeutic
delivery, a primary area of concern for this molecular architecture is the terminal amines that serve
as the end-groups for the branches. At physiological conditions, these terminal amines are
protonated resulting in a positive surface charge density on the dendritic structure. These
protonated amines are a primary source of toxicity associated with PAMAM dendrimers.
Literature shows that too high of a positive surface charge density can lead to various forms of
toxicity, such as cell lysis. Specific to PAMAM dendrimers, the size and generation of the
dendrimer dramatically affects the ability for this macromolecule to interact with negatively
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charged biological components leading to myotoxicity or the disruption the secondary structure of
proteins.
To utilize the advantageous properties of PAMAM, significant efforts have been made by
scientists to decrease the overall positive surface charge density of PAMAM dendrimers. Postfunctionalization of PAMAM with moieties such as polyethylene glycol, glucose derivatives, or
even reversible binding of biological components such as DNA via electrostatic interactions have
proven to be successful routes to decrease the overall toxicity of PAMAM.
The drawback of using systems such as these is that these modifications require for the
backbone architecture of PAMAM to be altered, thus changing the physiochemical properties of
the dendritic structure. In this body of work, we highlight the design of nanocarriers that
incorporate the PAMAM structure as a primary component on the polymeric system. We explore
the effects of terminal end-group modifications to the PAMAM structure to elucidate the
interfacial interactions between biomacromolecules and functionalized-PAMAM biomaterials,
without altering the polypeptide backbone architecture of the dendrimer. This allows us to take
advantage of the favorable properties of PAMAM, decrease the overall positive surface charge
of PAMAM, and better understand how surface modifications can affect the physiochemical
properties of PAMAM dendrimers.
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CHAPTER I
Introduction to Dendrimers

As the life expectancy of humans continues to increase, so does the need to develop
methods to fight off diseases, cancer, or other potential risks to our health. The materials used for
these biomedical applications must be strategically designed so that they are biocompatible, nontoxic, and can withstand the microenvironment that is our body. They also must withstand the
complex nature of our bodies, such as chemical composition, by-pass immunogenic responses, or
pH, to name a few critical requirements/conditions.
Polymeric materials have proven to be a reasonable choice for the development of
biomaterials. A wide variety of polymeric materials with unique chemical and structural
compositions have been developed; each with distinctive chemical, physical, and mechanical
properties suitable for the desired application of use. Both natural and synthetic polymers have
been extensively studied for biomedical applications. Naturally occurring polymers find their
advantages in their degradability, bioactivity, and the ability to facilitate receptor-binding to a
variety of ligands.[1] A significant disadvantage to using these naturally occurring polymers is that
their bioactivity tends to trigger immunogenic responses, making them less than ideal for
biomedical applications. Synthetic polymers tend to be more biologically inert and provide a more
extensive range of properties that can be fine-tuned for a specific application.[2] Although there
are a wide range of polymeric materials that can be used in this area of study, dendrimers have
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proven to be useful for applications such as tissue engineering, therapeutic delivery, and
biosensing.

Dendrimers are polymeric structures with a hyper-branched architecture. They have three

Figure 1. Schematic of a dendrimer showing all the primary components/ structural
features
primary components: a central core, branches, and periphery groups (Figure 1). Dendrimers are
named based on the number of branching points extending beyond the central core. Each branching
point denotes a new generation (annotated G). The functional groups on the periphery of the
polymeric structure provide the dendrimer with its unique physical properties. Dendrimers tend to
take up a 3-dimensional space in solution, often resembling a globular protein structure and are
typically sized within the nano-scale range.
Dendrimers are synthesized in a stepwise fashion using either the divergent or convergent
method. The divergent method allows the polymeric structure to be grown from a central core and
expand outwards (Figure 2a). The divergent method finds its benefits when considering the ease
of synthesis and high molecular weights that can be achieved. Reactions performed using the
2

divergent method tend to require fewer purification steps but can lead to imperfect dendrimers that
are not evenly branched around the polymeric structure.

The first dendrimers established in the scientific community were developed in 1985 by

Figure 2. Route of synthesis for dendrimers: (a) the divergent route of synthesis developed by
Tomalia; (b) the convergent method of synthesis utilized by Fréchet. Adapted from Peng.
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Scheme
1. Synthesis of PAMAM dendrimer using the divergent method of synthesis
Donald A. Tomalia.[3] They were originally termed “starburst polymers” due to their unique
structural architecture. The dendrimers developed by Tomalia were synthesized using exhaustive
iterations of Michael additions followed by amidation on an amine-containing core (Scheme 1).
This led to repeating peptide units on the branching structure. Each repeat unit creates a new
branching point for this polymeric structure and is called a generation. Tomalia utilized the
divergent method for the synthesis of this poly amidoamine (PAMAM) dendrimer.
3

The convergent method was initially developed by Fréchet in 1990, through the synthesis
of a polyaryl dendritic structure (Figure 3).[4] In this convergent method, the individual branches
of the dendrimer are synthesized beginning at the periphery groups and then coupled together at a
single polyfunctional core (Figure 2b). This leads to the synthesis of highly pure dendrimers with
extremely low polydispersity indices. This synthesis method is often selected over that of the
divergent method due to the greater control over synthesis, and fewer chemical reagents are
necessary. The convergent method finds its limitations in the overall size that the dendrimer can
be grown. Due to steric hindrance, the core reactive point can be hidden by the branches,
preventing reactivity; thus, the larger the dendritic structure, the more difficult it becomes to
incorporate the dendron components into the overall dendrimer structure.
Dendrimers have found applications in a range of biomedical-based areas. They have been
studied for their use to serve as chemical sensors in the body,[5] gene delivery systems[6] and, most
notably, nanocarriers for therapeutic agents.[7] PAMAM dendrimers are one of the most
exhaustively studied dendrimers for biomedical applications. This brief review will highlight
several works that employ PAMAM as a primary component of the development of biomaterials.
As it pertains to biosensors, PAMAM is an excellent selection due to the flexible structural
architecture. This “soft” structure is permeable to a variety of materials and allows for the
dendrimer to form host-guest interactions with small molecules or particles. PAMAM also has a
positive charge density due to the primary amines on the terminal end-groups that provide an
opportunity for complexation via electrostatic interactions. These properties of PAMAM were
exploited by Kim et al. in the development of a biosensor that could detect caffeine using the
Cytochrome P450 3A4 enzyme.[5]
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PAMAM is also used in the area of gene delivery. This dendritic structure is often selected
due to its cationic charge density that allows it to form electrostatic interactions with DNA or RNA.
The easily modifiable surface of PAMAM also allows for this polymer to be grafted onto other
nanomaterials, much like in the work of Jeong et al. in 2017.[8] This work described nanodiamonds
that are decorated with G3.0 PAMAM dendrimers. These materials were developed to improve
the transfection efficacy of siRNA in cervical cancer.
From these previous works, it is clear that PAMAM can serve as a viable biomaterial for a
variety of applications. Herein we will explore biomaterials utilizing the unique properties of
PAMAM, such as the 3-dimensional architecture, the distinctive physical and chemical properties,
and the ability to form host-guest interactions. Chapter 2 will focus on the design and synthesis of
PAMAM-based linear-dendritic block copolymer (LDBC) systems that can self-assemble into
nanoaggregates. In Chapter 3, we explore the effects of surface functionalization and study the
interfacial interactions of these nanoaggregates with biomacromolecules. Finally, in Chapter 4,
we will discuss the interfacial interactions of these LDBCs with biological components in
physiological conditions. We will assess the relative toxicity of these materials as well as explore
the mechanism for cellular uptake.
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CHAPTER II
Synthesis and Characterization of Polylactide-PAMAM “Janus-type” Linear Dendritic Hybrids

Adapted with permission from Indika Chandrasiri, Daniel G. Abebe, Sudipta Gupta, Jon Steven Dal
Williams, William D. Rieger, Briana L. Simms, Mahesh Loku Yaddehige, YeRim Noh, Molly E.
Payne, Alexander W. Fortenberry, Adam E. Smith, Jan Ilavsky, Scott M. Grayson, Gerald J. Schneider
and Davita L. Watkins.: J. Poly. Sci. A. 2019, 123, 15176-15185.

This project was completed in collaboration with Dr. Adam Smith, Dr. Jan Ilavsky, Dr. Scott Grayson
and Dr. Gerald Schneider. The synthesis and characterization of the PAMAM block of the LDBCs
described here were completed by Briana Simms and William Rieger. Dr. Indika Chandrasiri, Dr.
Daniel Abebe, Alexander Fortenberry and Dr. Jon Steven Dal Williams conducted the ring-opening
polymerization and characterization of the LDBC systems as well as optimized the conditions for these
reactions. Dr. Grayson (Molly E. Payne) conducted the mass spectrometry analyses of the LDBC
systems. Dr. Gupta (YeRim Noh) conducted the SAXS analysis of the nanoaggregates in solution.

2.1 Background
This chapter will discuss how we incorporated a PAMAM dendron into a macromolecular system
for the development of amphiphilic linear dendritic block copolymer systems. This polymeric
composition allows us to take advantage of the physical properties of PAMAM while also
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enhancing the hydrophobic nature of the interior dendron. The incorporation of the hydrophobic
block drives the self-assembly of this block copolymer into nano-sized aggregates or particles that
can be used as carriers for therapeutic delivery.
Dendrimers and linear block copolymers are synthetic polymers that have been studied for
applications in drug delivery due to their complex macromolecular structures. These polymeric
systems can be fine-tuned and tailored for specific applications by altering the monomeric
composition. [9] LDBCs are among some of these multi-faceted polymeric constructs. The concept
of the LDBCs was initially introduced by Fréchet in the early 1990s. An LDBC is described as a
hybrid material where a linear polymer is conjugated to a dendritic unit. [10] The development of
LDBCs yields a macromolecular structure that utilizes the advantageous properties of both linear
and dendritic polymers. Due to the amphiphilic nature of these copolymer systems, they can form
a variety of supramolecular aggregates in aqueous media that is dependent upon the mass ratio of
the hydrophobic and hydrophilic blocks.[11] This provides superior mechanical properties and high
degrees of molecular uniformity to these polymeric systems when compared to other polymeric
structures. The synthesis of these amphiphilic LDBCs pose a challenge due to solubility of the

Figure 4. Illustration of Janus-type LDBCs and the desired self-assembled nanocarrier
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distinctive blocks, steric hindrance in regard to the dendrimer, and purification of the full
copolymer system.[12]
Although a wide range of polymeric materials could be used for the development of
LDBCs, in this work, we selected PAMAM and poly-lactide (PLA) for this application. PAMAM
was selected for its physical properties as well as its extensive use in biological applications. [13]
For the linear component, PLA was selected due to its hydrophobic nature and biodegradability.
This polymer is also one of the most well-characterized and widely applied polymers for
biomedical applications.

In this work, we present a facile and comprehensive synthetic route for the preparation of
polyester-PAMAM LDBCs (Figure 4). The combination of these polymers can lead to the
establishment of unique biomaterials that provide both compositional and architectural control. A
library of LDBCs with 30, 50, 70, and 90 weight percent PLA using both L and D,L-lactide were
synthesized and characterized using nuclear magnetic resonance (NMR), gel permeation
chromatography (GPC), thermogravimetric analysis (TGA), and differential scanning calorimetry
(DSC). The structure-function relationships of these materials were studied in regard to
hydrophobic composition and the stereochemical composition of PLA. Nanoparticles were formed
in water and the self-assembled structures were studied using dynamic light scattering (DLS),
transmission electron microscopy (TEM), and small-angle X-ray scattering (SAXS).
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2.2 Experimental

Scheme 2. Synthesis of PLA-PAMAM LDBCs via ROP initiated from the HO-G3-Boc macro
initiator

2.2.1-Synthesis. For the synthesis of the LDBCs, the “dendrimer-first” approach was taken.[10]
This allows for the Boc protected Generation 3.0 PAMAM dendron, with a central alcohol core,
to serve as the macroinitiator for the ring-opening polymerization (ROP) of the linear component
of the copolymer system (Scheme 2). Using the divergent method of synthesis, the G3.0 PAMAM
dendron was synthesized from an ethanolamine core molecule using iterative Michael additions
and amidations with methyl acrylate and ethylenediamine, respectively. This amine-terminated
dendron was end-capped with di-tert-butyl decarbonate in methanol, yielding HO-G3-Boc. The
9

ROP was performed either using L-Lactide or DL-Lactide and DBU as a catalyst resulting in the
precursors of L-G3-Boc and DL-G3-Boc. By varying the feed ratio of the monomer, the
precursors had weight ratios of 90, 70, 50, or 30 weight percent with respect to (PLA). The
remaining percentage describes the weight ratio of G3.0 PAMAM dendron, which was a constant
for all of the reactions.
The Boc groups were removed via an acid deprotection using trifluoracetic acid (TFA).
This resulted in the formation of the fully amphiphilic block copolymer systems notated as weight
percent polylactide-stereochemistry of polylactide-Generation 3.0 PAMAM (wt% polyester-LG3-NH3+ or wt% polyester-DL-G3-NH3+). The first part of the name indicates the weight percent
of PLA in relation to the PAMAM component (in other words, hydrophobic content to hydrophilic
content), the middle component indicates the stereochemistry of the polyester, and the final
component of the name indicates the use of G3.0 PAMAM dendron.
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2.2.2 Molecular weight characterization of LDBC precursors.

Figure 5. NMR comparison of macro initiator (a), LDBC precursor (b), and amphiphilic
LDBC (c)

1H

NMR spectra of the PAMAM dendron and the Boc-protected precursor were collected on a

Bruker Avance spectrometer, operating at 500 MHz. The spectra were taken in either CDCl 3 or
MeOD-d4 as the solvent and TMS as an internal standard. The degree of polymerization (DP) of
the PLA was estimated by integrating the peaks corresponding to the methylene protons on the
PLA (5.15 ppm) against the Boc protons (1.44 ppm) on the PAMAM portion of the LDBC (Figure
5.). GPC was used to determine the molecular weight and polydispersity of the block copolymers.
GPC measurements were conducted in either DMF or THF, depending on the solubility of the
sample. The THF measurements were conducted with a flow rate of 1 mL min-1 at 35 C using a
Shimadzu 20Å GPC system equipped with two Jordi Gel DVB500 columns, as well as a
11

differential refractive index detector. The calibration curve was developed using polystyrene
standards (900-100,000 g mol-1) and the data was processed using the LCSolution ver.1.21 GPC
software. DMF measurements were conducted at a flow rate of 0.3 mL min -1 at 50 C on a GPC
system equipped with Waters Alliance HPLC system, 2695 Separation Module with two Tosoh
TSKgel Super HM-M columns and Waters 2414 Differential Refractometer (RI) and Waters 2998
Photodiode Array Detectors (PDA). Polystyrene standards were used for this calibration curve;
however, the data was processed using the Empower 3 software (Waters). LiBr (an electrolytic
salt) was added to the column to minimize polymer interactions with the column and allowing for
normal fractionation to occur. [14]
Matrix-assisted laser desorption time of flight mass spectrometry (MALDI-TOF MS)
experiments were conducted using a Bruker-Daltronics Autoflex III mass spectrometer with
delayed extraction using the reflector and positive ion mode. The samples were prepared by
combining the polymer analyte (2 mg mL-1) in THF, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2propenylidene] malonitrile (DCTB) (20 mg mL -1) in THF as the matrix, and sodium
trifluoroacetate (2 mg mL-1) in THF as the counterion. This sample mixture was combined in a
15:15:1 ratio for each component, respectively. The collected data was calibrated against
SpheriCal dendritic calibrates from Polymer Factory (Stockholm, Sweden). The Mn and Mw were
calculated using PolyTools software for all polymers.

2.2.3 Preparation and Characterization of Self-Assembled Aggregates.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were conducted
to study the thermal properties of the LDBCs. The TGA measurements were taken on a Seiko
Instruments TG/DTA 6200 (platinum pan, room temperature to 600 C, ramp rate of 20 C min-1
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under a nitrogen atmosphere). The data was analyzed using the MUSE Analysis software. A TA
Instruments DSCQ1000-0620 v9.9 (sealed aluminum pan, empty aluminum reference pan, ramp
rate of 20 C min-1, two heating and cooling cycles) was used for the DSC measurements, and they
were analyzed using the Universal Analysis 2000 4.4 A software.
For this work, two formulation methods were used to prepare the nanoaggregates—direct
dissolution and nanoprecipitation. For the LDBCs with weight ratios of 70:30, 50:50, and 30:70
(PLA:PAMAM), the direct dissolution method was used. The 90:10 (PLA:PAMAM) derivative
required nanoprecipitation to form the nanoaggregates in solution. For the direct dissolution
technique, 1 mg of polymer was added to 1 mL of MilliQ water in a vial with stirring, followed by
water-bath sonication. This allowed the suspension to achieve homogeneity prior to equilibration
at room temperature for 12 h. The nanoprecipitation method required that the polymer (1 mg) be
dissolved in a minimal amount of organic solvent (such as acetone or THF) and then added
dropwise into 1 mL of MilliQ water (1mL) while stirring, followed by sonication. The organic
solvent is then evaporated under a gentle stream of nitrogen. The nanoaggregate suspensions were
then allowed to equilibrate for 12 h before further study.
Dynamic light scattering (DLS) was used to confirm aggregate formation, estimate
aggregate size, and determine the zeta potential of the aggregates formed. For this work, a Malvern
Instrument Zetasizer Nano ZS using a He-Ne laser with a 633 nm wavelength, a detector angle of
173 at 25 C was used. Each measurement was taken in triplicate to ensure consistent
measurement data. The sizes of the aggregates, as well as morphologies, were confirmed using
TEM on a JEOL 1230 TEM operated at 100 kV. A Gatan Orius 831 bottom mounted CCD camera
was used for imaging.
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The critical aggregate concentration (CAC) was measured by probing the excitation of
pyrene encapsulated within the nanoaggregates. For this, a concentrated aqueous pyrene solution
was made by dissolving pyrene (1.7 mg, 8.41 µmol) in acetone (3.34 mL). 40 µL of this stock
solution was added to 39.96 mL of deionized water. Serial dilutions were performed to yield 12
1.8 mL nanoparticle suspension samples with concentrations ranging from 10-8 mg L-1 to 1000 mg
L-1. To each of these polymer suspensions, 1.8 mL of the aqueous pyrene solution was added.
These solutions were then equilibrated for 48 h in the absence of direct light. After the equilibration
period, fluorescence measurements were taken on a Varian Cary fluorescence spectrometer from
Agilent Technologies. The emission wavelength used for pyrene was 390 nm and the excitation
spectra was recorded from 300 to 360 nm. The ratio of emission intensities at 338 and 333 nm was
plotted as a function of the log of the concentration. The CAC value was determined as the
concentration at the intercept of the two linear regions obtained from the graphs.
Small-angle X-ray scattering (SAXS) was conducted at the Advanced Photon Source at 9ID-C beamline and was operated by the X-ray Science Division. It covers a range in momentum
transfer Q, from 0.002 to 0.5 Å-1, where Q = 4πsin(θ)/λ, for the scattering angle θ and X-ray
wavelength λ = 0.59 Å at energy 21 keV. All data reduction into intensity I(Q) or, the macroscopic
scattering cross-section dΣ/dΩ versus momentum transfer Q = |Q| was carried out following the
standard procedures that are implemented in the Nika software package. The solvent was
subtracted as the background by measuring water separately.

2. 3 Results and Discussion
2.3.1 Design and Synthesis of Polyester-PAMAM LDBCs. The PLA-PAMAM LDBCs are
comprised of a hydrophilic block made up of the dendritic polymer, PAMAM, that is chemically
14

linked to a hydrophobic, linear polyester (PLLA (L) or PDLLA (DL). As mentioned in the
introduction of this work, PAMAM was selected for its synthetic feasibility, the hyperbranched
structure, and the polypeptide backbone structure, which enhances the biocompatibility of the
dendrimer structure.[15] The linear polyesters were selected for two primary purposes: (1.)
Polylactide has been extensively researched and used for its biocompatibility and biodegradability
and (2) the range and accessibility of the thermal and mechanical properties. DL-lactide is
amorphous in nature and does not exhibit a melting temperature Tm, while the L-lactide is semicrystalline and has a Tm above 180 °C.[16] By studying both the amorphous and semi-crystalline
linear, hydrophobic polymers, we are able to probe the effects of monomer composition on the
morphology and thermodynamic properties of the self-assembled structure. These properties will
play a significant role in the properties observed in the nanoaggregates as the hydrophobic portion
of the LDBC is the driving force for the self-assembly of the nanostructure.
The overall synthesis of L-G3 and DL-G3 is shown in Scheme 2. OH-G3Boc was
synthesized in five steps (iterative Michael additions followed by amidations) using ethanolamine
as the focal core. This Boc-protected dendron served as the macroinitiator (OH-G3Boc) for the
ROP of either the L- or DL-lactide monomer to yield the LDBC precursors L-G3Boc and DLG3Boc. The mass ratios of polymers that were synthesized are 90:10, 70:30, 50:50, 30:70
PLA:PAMAM. The Boc protecting group can be removed under mildly acidic conditions using
TFA to obtain the LDBCs L-G3 and DL-G3. This method of amine protection followed by
deprotection allowed for the polymerization of up to 90% hydrophobic content, while,
traditionally, amphiphilic polymers have been limited to 50 wt% hydrophobic content.[17] This
preparation technique has allowed us to develop amphiphilic block copolymer systems with high
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hydrophobic content that maintain the ability to self-assemble into stable nanostructures in
aqueous media.
The characterization of the HO-G3-Boc was critical, as this is the macroinitiator for the
ROP. The protection of the terminal amines on the dendritic structure was needed to prevent side
reactions from the periphery of the PAMAM structure. In order to validate the structural integrity
of Boc-protected PAMAM structure and ensure the reactivity of the hydroxyl group at the core,
MALDI-TOF mass spectrometry was employed. In the latter experiment, HO-G3Boc with a mass
to charge ratio of 2481 m/Z [M + Na]+ was treated with acetic anhydride. The product was then
purified and analyzed via mass spectrometry, showing a mass difference of 42 m/z. This
corresponds to the addition of a single acyl group at the hydroxyl focal point, indicating the solereactivity of the hydroxyl core on the OH-G3Boc. The mass spectra can be found in the appendix
as Figure 30.
Table 1. Screening of organic catalysts for the ROP of L-Lactide on the OH-G3-Boc

Monomer

Rxn
time
(hours)

Monomer
Conversion
(%)

40

L-Lactide

6

0

40

L-Lactide

12

70

95

L-Lactide

12

91

TBD

10

L-Lactide

12

18

DBU

20

L-Lactide

4

100

Catalyst

Equivalence
(%)

DMAP

Both 1H NMR and mass spectrometry indicated the structural integrity of the HO-G3-Boc
and thus, this dendritic structure was carried on for use in the ROP of L- and DL-lactide. The ROPs
were ultimately conducted in anhydrous chloroform with DBU as a catalyst. The Boc-protected
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LDBCs were purified via precipitation into a mixture of diethyl ether, hexanes, and methanol
(15:5:1). For these reactions, both DBU and Sn(Oct) 2 were screened to determine which of these
catalysts would yield the best monomer conversion for the ROP (Table 1).[18] To achieve at least
a 90% monomer conversion for the ROP, much higher concentrations of Sn(Oct)2 were required
when compared to the 5% (per hydroxyl initiator) that had been previously reported. [17] Our
copolymers yielded an 8% monomer conversion with 5% catalyst loading and only yielded
monomer conversions >90% when treated with ~20% Sn(Oct)2. For copolymers where the
polyester weight ratio is higher (i.e the 70:30 derivative), less Sn(Oct) 2 is needed (~15%) to yield
>90% monomer conversion. Although the rationale for requiring such high catalyst loading is not
fully understood, it is likely that some of the catalyst is being deactivated or sequestered through
interactions with the PAMAM macroinitiator. To better understand the initiation, propagation, and
competing events (such as depolymerization and catalyst deactivation), kinetic studies for the ROP
are ongoing.
Due to the increased risk of toxicity associated with the use of increased amounts of this
metal catalyst, other organometallic (zinc undecylenate) and organic (4-dimethylaminopyridine,
DBU, triazabicyclodecene, TBD) catalysts were screened for the ROP polymerization.[19] In this
study, DBU was the most efficient catalyst, yielding ROPs with near quantitative monomer
conversion at all weight ratios investigated. The use of DBU also led to reduced reaction times (4
h), mild reaction conditions, and a more straightforward purification of the LDBC.
The NMR spectra in Figure 5 displays the characteristic peaks of both PAMAM (2.193.69 ppm) and PLA (1.57, 5.15 ppm). Both segments can be observed in the Boc-protected
precursor 70-DL-G3-Boc. In this case, 70 indicates the weight percentage of DL-lactide on the
LDBC. These Boc-protected precursors show high solubility in common organic solvents such as
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chloroform and THF; however, upon acid deprotection of the PAMAM component using TFA
(yielding 70-DL-G3), the solubility of the LDBC decreases in the same solvent. This decrease in
solubility is due to the formation of NH3+ termini on the PAMAM portion of the LDBC. The NMR
spectra of 70-DL-G3 in chloroform-d provides indirect evidence of aggregation through the
disappearance of resonance peaks for PAMAM, while the PLA peaks remain visible. There is no
observed precipitation of the sample in chloroform-d, which suggests the formation of a reversemicelle where PAMAM makes up the interior of the micellar structure and is protected by a
PDLLA outer shell. Similar analyses have been conducted and reported by others as indirect
evidence that a covalently linked amphiphilic copolymer system has been established. [20]
Table 2. Calculations for the desired LDBCs based on the molecular weights of the protected
and deprotected macro-initiators
MW of
protected
macroinitiator
(g mol—1)

MW
deprotected
macroinitiator
(g mol-1)

MW of
lactide
block
(g mol-1)

MW of
protected
LDBC
(g mol-1)

MW of
deprotected
LDBC
(g mol-1)

90-L/DL-G3

2, 460

1, 667

15, 003

17, 463

16, 670

70-L/DL-G3

2, 460

1, 667

3, 890

6, 350

5, 557

50-L/DL-G3

2, 460

1, 667

1, 667

4, 127

3, 334

30-L/DL-G3

2, 460

1, 667

714

3, 174

2, 381
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Table 3. Molecular weight characterization of PLA-PAMAM LDBCs with varying weight ratios
of hydrophobic to hydrophilic blocks
LDBCs a

MTh
(g mol-1)

Mn
(g mol-1)

Mw
(g mol-1)

PDI

90-L-G3-Boc

17,465

12,084

20,659

1.71

70-L-G3-Boc

6,350

8, 189

12,012

1.52

50-L-G3-Boc

4,127

5,205

6,565

1.28

30-L-G3-Boc

3,175

3,862

4,248

1.10

90-DL-G3-Boc

17,465

15,303

24,203

1.58

70-DL-G3-Boc

6,350

8,255

11,688

1.47

50-DL-G3-Boc

4,127

5,540

6,972

1.28

30-DL-G3-Boc

3,175

4,402

4,941

1.13

2.3.2. Molecular Weight Analysis of LDBCs.

In order to correlate the feed ratio of the

monomer to the molecular weight and degree of polymerization of the LDBC, further
characterization was required. Due to the solubility of the deprotected LDBCs, the Boc-protected
precursors were studied. The molecular weight calculations identifying the monomer feed ratios
are tabulated in Table 2, while the GPC results of the molecular weight confirmations are shown
in Table 3. Both MALDI and GPC were used to confirm the molecular weights of the LDBC.
These methods provided unique challenges for these polymeric systems. In the case of MALDI,
ionization of the PAMAM portion of the LDBC would only occur in a small subset of the
solvent/matrix combinations that were tested. This specific challenge has been noted in the
literature. GPC provided better characterization results, especially for those LDBC precursors with
a higher mass percentage of PLA (90-DL-G3-Boc, 70-DL-G3-Boc, 90-L-G3-Boc, and 70-L-G3Boc). The calibration curve for this work was created with a linear, polystyrene standard; therefore,
the hydrodynamic volume of these LDBC polymers did not correlate exactly, due to the compact
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nature of the dendritic portion of the copolymer system. The LDBCs with more linear character
(higher PLA composition), the peaks had more of a Gaussian distribution, whereas those with
more dendritic character displayed a deviation from this normal distribution. These derivatives
(50-DL-G3-Boc, 30-DL-G3-Boc, 50-L-G3-Boc, and 30-L-G3-Boc) displayed shoulders adjacent
to the major peak. The chromatographic behavior of these derivatives was improved by changing
the solvent from THF to DMF. This improvement is likely due to the increased solubility of the
LDBCs with higher PAMAM composition in the more polar solvent.

Table 4. TGA and DSC results for the LDBCs
LDBC

TGA

Tg (C )DSC

PAMAM-G3-Boc

51.81

PAMAM-G3

41.32

90-L-G3-NH3+

208.80

57.66

70-L-G3-NH3+

173.28

41.24, 53.66

50-L-G3-NH3+

136.54

39.58

30-L-G3-NH3+

182.91

39.37

90-DL-G3-NH3+

194.19

52.25

70-DL-G3-NH3+

193.52

39.42, 50.42

50-DL-G3-NH3+

185.02

36.1, 46.7

30-DL-G3-NH3+

167.27

32.6
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Figure 6. DSC Traces of LDBCs (a.) is the L-Lactide series and (b.) is the DL-Lactide
series.

2.3.3. Thermal Analysis.

The deprotected LDBCs were used for the thermal analysis of the

polymers via TGA and DSC. These results are tabulated in Table 4, and the DSC traces can be
observed in Figure 6. The deprotected polymers have NH3+ end-groups unless otherwise noted.
Due to the possibility of intramolecular hydrolysis or hydrogen bonding, it is expected that the
amines will have some effect on the thermal stability of the polymer. DSC was conducted up to
180 °C, which is approximately the onset of decomposition according to the TGA data. Melting
temperatures (Tm) were not available for the L-G3 derivatives.
The general trend observed is that the thermal stability increased as the total molecular
weight increased. When comparing the L-lactide and DL-lactide derivatives, the 90-L-G3
exhibited a higher decomposition temperature than that of 90-DL-G3. This is likely due to the
more crystalline nature of the L-lactide.[21] An exception to this trend was observed in 30-L-G3,
which had an increase in thermal stability when compared to the 50-L-G3 derivative. All LDBCs
composed of L-lactide showed a slight decrease in thermal decomposition before the
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decomposition point except 90-L-G3. This decrease in thermal decomposition is likely due to the
hygroscopic nature of the LDBCs.
The glass-transition temperature (Tg) decreased as a function of the polyester used and
hydrophobic composition. 90-L-G3(57.7 °C) and 90-DL-G3 (52.3 °C) showed thermal properties
similar to that of PLA, while the more hydrophilic LDBCs (30-L-G3 (39.4 °C) and 30-DL-G3
(32.6 °C)) displayed thermal properties more comparable to that of PAMAM. 70-DL-G3 (39.4,
50.4 °C), 50-DL-G3 (36.5, 46.7 °C), 70-L-G3 (41.2, 53.7 °C), and 50-L-G3 (broaden ~39.6 °C)
all exhibited multiple Tgs. This is likely due to the similar volumes of the hydrophobic and
hydrophilic regions of the copolymer systems, resulting in contributions from both the PLA and
the PAMAM being observed at the Tg.[22]
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Figure 7. TEM images of LDBC aggregates. Uranyl formate was used as the contrasting
agent for these images. (a) 70-L-G3-NH3+, (b) 50-L-G3-NH3+, (c) 30-L-G3-NH3+, (d) 70DL-G3-NH3+, (e) 50-DL-G3-NH3+, (f) 30-DL-G3-NH3+.
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2.3.4. Self-Assembly and Morphology. For LDBCs up to a 70:30 hydrophobic: hydrophilic mass
ratio, the direct dissolution method was used to obtain nanoparticles in aqueous media (water).
From the dried polymer, dispersion into water required little to no agitation to obtain a homogenous
suspension of the polymers. This observation is consistent with literature that ascertains that the
ionic nature of the terminal amines on the PAMAM dendron improves the hydrophilic character
of the LDBC.[17] This formulation method shows the potential for these materials to be used in
pharmaceutical or biomedical-based applications.
The morphologies of the self-assembled structure were studied via TEM analysis (Figure
7). Uranyl formate was used as the contrasting agent so that the hydrophilic and hydrophobic
regions could be observed more clearly. The data collected and observations from TEM were
further confirmed via SAXS analysis (vide infra). TEM shows aggregate sizes (radii) ranging from
4.8 to 10.4 nm. 70-L-G3 showed a distribution of both bilayer vesicles and elongated, worm-like
aggregates. 50-L-G3 yielded bilayer vesicles with radii ranging from 4.8 to 6.1 nm. 30-L-G3
aggregated to form core-shell micelles with radii of 7.1 nm. The 70-DL-G3 derivative displayed
only one morphology (bilayer vesicles) in comparison to the L-Lactide derivative. 50-DL-G3
formed bilayer vesicles and 30-DL-G3 yielded core-shell micelles with radii of 6.0 nm and 5.3
nm, respectively.
Given the molecular weight of the PLA block of the block copolymer system, the formation
of stable bilayer vesicles is a notable achievement. In previous works, a much higher molecular
weight of the hydrophobic block in amphiphilic copolymer systems is required to drive selfassembly to form this morphology.
DLS data showed comparable hydrodynamic volumes for the aggregates in solution. Zeta
potentials ranged from +24.7 mV to +48.2 mV for the nanoparticles prepared via direct dissolution.
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The critical aggregation concentrations (CAC) for the LDBCs ranged from 0.91 to 9.75 mg L-1.
This provides evidence for the formation of stable nanoparticles. The CAC values observed
correspond closely to literature that relates CAC values and the possibility of copolymers serving
as viable biomaterials.[23]
The high zeta potential values for the nanoparticles (especially that of 50-L-G3 and 50DL-G3, are concerning due to the increased possibility of cytotoxicity associated with the surface
charge density. Although there are conflicting reports on the ideal surface charge of carriers for
drug delivery, a recent report by He et al. indicates that particles with <15 mV surface charge
density reduces macrophage uptake and increases blood circulation time, and has higher tumor
retention. Due to the negative membrane potential on cells, positively charged particles tend to
penetrate cellular membranes more easily than neutral or negatively charged species. [24] However,
high cytotoxicity of PAMAM dendrimers has been extensively reported.[25] The surface properties
of the polymeric nanoaggregates described in this work may present drawbacks in biological
applications,[26] thus end-group modifications to the PAMAM portion of the LDBC is explored
heavily in the next chapter.
By using both stereochemical configurations of PLA, the variations in morphology and
thermal properties can be studied. Any differences observed would directly result from the use of
different stereoisomers of DL-lactide in the LDBC structure. The changes in morphology are due
to the changes in crystallinity of the polyester as well as chain mobility. [27] When comparing the
L-G3 and DL-G3 derivatives, it was observed that the more amorphous PDLLA-PAMAM LDBCs
tend to have smaller CAC values and radii. Although the observable differences are minimal, the
changes in CAC values indicate more thermodynamically stable aggregates compared to the
PLLA-PAMAM derivatives.
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Figure 8. TEM images of nano aggregates of 90 weight percent LDBCs (a and b) 90-L-G3NH3+, (c and d) 90-DL-G3-NH3+.
The differences in isomeric features of PLA are more easily observed in 90-L-G3 and 90DL-G3. Nanoaggregates with these polymers were prepared using the conventional
nanoprecipitation method. This method was used (instead of the direct dissolution) due to the high
hydrophobic content of the LDBC. TEM shows the 90-L-G3 yields kinetically “frozen”
nanoaggregates with a range of morphologies, including worms, dumbbells, and spheres (vesicles).
It can be predicted that these morphologies are intermediates to more stable morphological
conformations as TEM shows spherical budding off of worm-like structures that appear to pinch
off into individual vesicles (Figure 8).[28] In contrast, the 90-DL-G3 LDBC aggregates form
predominately spherical nanostructures and the intermediate transitory morphologies are not
observed. The molecular thermodynamic effects have been considered and it is unlikely that
equilibration through chain-exchange is occurring. This would require the polymer to overcome
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the interfacial tension between the PLA and water. The nanoparticles were also prepared below
the Tg of PLA (~52-54 C). It was postulated by Noack et al. that crystallization of the hydrophobic
block (PLLA) after the microphase separation would lead to the destabilization of the spherical
nanoparticles. This would allow the particles to fuse with other spherical micelles and grow into
worm-like aggregates.[29] In addition to the morphologies shown in Figures 7 and 8, a variety of
morphologies for the PLLA-PAMAM and PDLLA-PAMAM LDBCs have been observed under
varying conditions (i.e., elongated micelles, cubes, and tube-like nanostructures).

2.3.5. SAXS Analysis.

SAXS experiments were performed on the nanoparticles formed via

direct dissolution in an effort to study the morphology in more detail. The goal of these
experiments was to determine the bilayer thickness of the vesicles. This parameter strongly affects
the overall size and stability of the vesicle. The bilayer thickness is primarily determined by the
hydrophobic block of the copolymer system.[30] There have been previous reports of polymeric
vesicles adopting a multi-walled “onion” morphology although this is unlikely to be observed with
traditional microscopy methods and must be observed with SAXS (Figure 10, Table 5).[31]
To describe the SAXS data for micelles, we used a core-shell model.[32]
𝑑𝛴
𝑑𝛺

(𝑄) =

ɸ
𝑁𝑎𝑔𝑔 𝑉𝑚

𝑏
[𝐼𝑐𝑜𝑟𝑒 (𝑄) + 𝐼𝑠ℎ𝑒𝑙𝑙
+ 𝐼𝑖𝑛𝑡𝑒𝑟 (𝑄) + 𝐼𝑏𝑙𝑜𝑏 (𝑄)]

(1)

Here, ɸ is the volume fraction, Vm is the total micellar volume of the copolymer. N agg is the
aggregation number or can be described as the number of chains attached to the core. The terms
𝐼𝑐𝑜𝑟𝑒 (𝑄)= 𝑁𝑎𝑔𝑔 2 𝑥 𝛥𝜌𝑐𝑜𝑟𝑒2 𝑥 𝑣𝑐𝑜𝑟𝑒2𝑥 𝐴𝑐𝑜𝑟𝑒 (𝑄)2 describes the scattering from the core, with vcore
corresponding to the volume of the core block copolymer (PLA block). The core contrast with
respect to the solvent is given by the respective X-ray scattering length densities (XSLD).
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𝑏
(𝑄) = 𝑁𝑎𝑔𝑔 𝑥 (𝑁𝑎𝑔𝑔 𝑥 (𝑁𝑎𝑔𝑔 −
𝛥⍴𝑐𝑜𝑟𝑒 = ⍴𝑐𝑜𝑟𝑒 − ⍴𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑥 𝐼𝑠ℎ𝑒𝑙𝑙

𝐵𝑐𝑜𝑟𝑟 )𝑥 𝑣𝑠ℎ𝑒𝑙𝑙 2 𝑥 𝛥⍴𝑠ℎ𝑒𝑙𝑙 2 𝑥 𝐴𝑠ℎ𝑒𝑙𝑙 (𝑄)2 describes the scattering from the PAMAM block (the
corona), with vshell corresponding to the volume of the shell of the block copolymer and 𝛥𝜌𝑠ℎ𝑒𝑙𝑙 =
𝜌𝑠ℎ𝑒𝑙𝑙 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 .

The

third

term

of

𝐼𝐼𝑖𝑛𝑡𝑒𝑟 (𝑄) =

2𝛥⍴𝑐𝑜𝑟𝑒 𝑥 𝛥⍴𝑠ℎ𝑒𝑙𝑙 𝑁𝑎𝑔𝑔 2 𝑥 𝑉𝑐𝑜𝑟𝑒 𝑥 𝑉𝑠ℎ𝑒𝑙𝑙 𝑥 𝐴𝑐𝑜𝑟𝑒 (𝑄) 𝑥 𝐴𝑠ℎ𝑒𝑙𝑙 (𝑄) is a result of the interference
between the core and the corona. Blob scattering from the swollen corona were analyzed following
𝑃(𝑄)

𝑐ℎ𝑎𝑖𝑛
Svaneborg and Pederson[33] with 𝐼𝑏𝑙𝑜𝑏 (𝑄) = 𝑉𝑠ℎ𝑒𝑙𝑙 2 𝛥⍴𝑠ℎ𝑒𝑙𝑙 2 𝑥 1+𝜐𝑃(𝑄)
. Here, Acore(Q) and
𝑐ℎ𝑎𝑖𝑛

Ashell(Q) are the scattering amplitudes of the core (PLA) ad shell (PAMAM) blocks, respectively.
The interactions between the chains in the shell is given via the blob correlation parameter, 𝐵𝑐𝑜𝑟𝑟 =
1/(1 + 𝜐), where 𝛖 is an effective virial parameter that scales with chain concentration in the shell.
The polydispersity index, p, for the micelles is calculated from the Gaussian distribution of the
micellar corona, σm, which defines the relative width of the micellar surface at the micelle solvent
interface. [32]

When considering vesicle structures, the form factor is given by:
𝑑𝛴
𝑑𝛺

(𝑄) =

ɸ
𝑉𝑠ℎ𝑒𝑙𝑙

[

3𝑉𝑐𝑜𝑟𝑒𝛥⍴𝑠ℎ𝑒𝑙𝑙 𝑗1 (𝑄𝑅𝑐𝑜𝑟𝑒)
𝑄𝑅𝑐𝑜𝑟𝑒

+

3𝑉𝑡𝑜𝑡𝑗1 𝛥⍴𝑠ℎ𝑒𝑙𝑙 (𝑄𝑅𝑡𝑜𝑡)
𝑄𝑅𝑡𝑜𝑡

]

(2)

Where Vcore, Vshell, and Vtot are the core, shell, and the total volumes, respectively. The shell
thickness can be calculated by Rtot - Rcore with Rcore and Rtot corresponding to the radius of the core
and the outer radius of the shell, respectively. In this case, the X-ray scattering length of both the
core and the solvent are identical, whereas j1 is the spherical Bessel function, j1 (QRtot) =
(sin(QRtot)-(QRtot) cos(QRtot))/(QRtot)2. The polydispersity is modeled based on the size
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distributions from TEM, which are compatible with the Gaussian and log-normal distribution
functions.[34]

Figure 9. SAXS data for the PLA-PAMAM macromolecules that has been normalized for
their volume fraction. The data is modeled (solid lines) using core-shell sphere, core-shell
cylinder (eq. 1), and vesicle form factors (eq. 2) as described in the text.

Figure 9 shows the scattering intensity that is normalized by their volume fraction, ɸ. The data
modeling was performed based on the TEM images. The TEM images of 70-L-G3, 50-L-G3, 70DL-G3, and 50-DL-G3 show vesicle-like morphologies from the self-assembly of the LDBCs
(Figure 8). The corresponding SAXS data was modeled using the vesicle form factor that’s
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described in equation 2. As it pertains to the 70-L-G3 aggregates, worm-like structures were
observed; however, the spherical vesicles are the dominant morphology statistically when
considering the scattering measurements. The high Q scaling behavior of ~Q -4, also supports the
scattering from a smooth surface. The TEM from both 30-L-G3 and 30-DL-G3 depicts micellar
aggregates. The shell thickness (Rtot – Rcore) for the vesicles in 70-L-G3, 50-L-G3, 70-DL-G3 and
50-DL-G3 systems represents the membrane thickness.

Table 5. Sample size of PLA-PAMAM LDBC aggregates formed via direct dissolution
method

LDBC

SAXS
model

Rcore

Rtot

SAXS

SAXS’

(nm)

(nm)

PDSAXS
(%)

RTEM
(nm)

PDTEM
(%)

RhDLS
(nm)

PDDLS
(%)

24 ± 1

61.2±
35,
25.3±
3

48, 26

70-LG3NH3+

Coreshell
vesicle

2.8±0
.01

10.2±0.
2

30

10.4±0
.01

50-LG3NH3+

Coreshell
vesicle

1.4±0
.01

7.3±
0.3

25

6.1 ±
0.01

23 ± 1

12.1±
4,
9.5±1

28, 20

30-LG3NH3+

Coreshell
micelle

0.8±0
.01

7.2±
0.1

20

7.1 ±
0.01

30 ± 2

7.8±1,
6.7±
0.5

21, 28

70-DLG3NH3+

Coreshell
vesicle

1.7±0
.01

8.6±
0.3

21

9.6 ±
0.01

21 ± 1

10.5 ±
3, 7.6
± 0.3

31, 22

50-DLG3NH3+

Coreshell
vesicle

3.2±0
.01

5.8±
0.1

33

6.0±
0.01

24 ± 1

9.0±
2, 5.8
±1

30, 25

30-DLG3NH3+

Coreshell
micelle

1.30.
01

7.4±
0.2

18

5.3±
0.01

22 ± 1

9.0±
2, 5.8
±1

25,25

30

The corresponding SAXS data was also modeled using a micellar form factor that is
described in Equation 1. As shown by the scattering intensity, ~Q-1.7, decay for real chains in good
solvents, is a characteristic feature of blob scattering from such micellar assemblies. [32] The results
of the SAXS data modeling are reported in Table 5. The increase of the scattering intensity at lowQ’s indicates the onset of aggregates, which can also be verified by DLS. The sizes obtained from
SAXS and TEM (RtotSAXS and RTEM) are identical within reasonable experimental uncertainty,
while the RhDLS from DLS is dependent upon the intensity and number averaged distribution of the
aggregates. This discrepancy can be attributed to the high polydispersity for 70-L-G3 in which
multiple aggregate morphologies were observed. Although there were discrepancies between the
DLS data set, the determination of the dimension cylinder from SAXS and TEM were still
achieved.

2.4 Conclusion
In this work, we have designed a feasible synthetic route for the development of amphiphilic
LDBCs comprised of a PAMAM dendron coupled to PLA. These materials had varying
hydrophobic content that was based on the degree of polymerization of the PLA block of the
copolymer system. The PLA block was also altered by modifying the stereochemistry from an
enantiopure polyester (L-lactide) to a racemic mixture of two enantiomers (D,L-lactide). These
properties allowed us to study the self-assembly of the amphiphilic LDBCs in terms of
hydrophobic content and thermal properties of the polyester. The direct dissolution method was
used to form the nanoaggregates in solution as this is the most biocompatible formulation method.
The morphologies of the nanoparticles were studied using DLS, TEM, and SAXS. These data
confirmed the formation of core-shell micelles and vesicles in solution.
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As we advance this work, we will explore how altering the terminal end-groups of the
PAMAM dendron affects the overall self-assembly, morphology, size, and surface charge density
of the nanoparticle. We will also explore how this modification can affect cellular uptake as we
move closer towards viable biomaterials.
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CHAPTER III
Elucidating the effects of surface modifications on self-assembling PDLLA-PAMAM LDBCs

Adapted with permission from Briana L. Simms, Nan Ji, Farid Zia, Indika Chandrasiri, Alex Flynt,
Chalet Tan and Davita Watkins. Submitted to Biomacromolecules in 2021.

The work presented here is a collaboration with Dr. Alex Flynt and Dr. Chalet Tan . Specifically,
Indika Chandrasiri synthesized and completed the molecular weight characterization for the 70-DLG3-NH3+ and 30-DL-G3-NH3+ LDBCs. Nan Ji conducted the crystal violet cell viability assays. Farid
Zia assisted with the cellular uptake confocal imagery. Briana Simms synthesized and characterized
the 70-DL-G3-OH, 30-DL-G3-OH, 70-DL-G3-COO-, and 30-DL-G3-COO- LDBCs and fully
characterized and imaged the nanoaggregates formed in this work via DLS and TEM.

3.1 Introduction

Figure 10. Target LDBCs with surface modifications
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Polymeric materials have received an increased level of attention for possible use in
biomedical applications. The unique molecular architectures, tunable properties, biomimetic
nature, and ability to serve as a host for guest molecules make polymeric materials a promising
candidate for nanomedicine.
Bearing this in mind, several factors must be considered when developing polymeric
biomaterials for drug delivery: physical properties of the nanocarrier (i.e. size and morphology),[35]
stability of the carrier in physiological conditions (i.e. pH, salt content, and presence of serum
proteins),[36] and the way that the carrier will interact with biological components (i.e. cellular
membranes, intracellular interactions, etc.).[37] Obtaining an understanding of these factors is
critical for the strategic design of polymeric nanocarriers that can serve as viable biomaterials.
In the previous chapter, the design and synthesis of polyester-PAMAM LDBCs were
explored. That work highlighted the full characterization of nanoaggregates formed from the selfassembly of polymeric macromolecules composed of a standard PAMAM dendron (hydrophilic)
that is chemically linked to a lactide polyester (hydrophobic). Noteworthy in that work was the
size of the aggregates (18-20 nm in size depending upon the weight ratio of the hydrophobic to
hydrophilic block), and the positive surface charge density (+27 to +42 mV). Keeping in mind the
potential for toxicity with cationic polymeric materials, in this chapter, we will explore how we
modified the surface of the PDDLA-PAMAM nanoparticles to yield cationic, neutral, and anionic
functionalities through the introduction of amine, alcohol, and carboxylate terminal end-groups to
PAMAM portion of the LDBC, respectively (Figure 10). The physiochemical properties (i.e., size,
morphology, and surface charge density) and colloidal stability were investigated. We investigated
and proved the stability of these nanocarriers in aqueous media and at physiological conditions.
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The work presented here provides a facile synthesis for LDBC macromolecules with varying endgroups that can ultimately be used in a wide variety of applications.

3.2 Experimental

Scheme 3. Synthesis of PDLLA-PAMAM LDBCs with terminal end-group modifications

3.2.1. Synthesis.

The synthesis of the LDBCs utilized the same dendrimer-first approach

described in the previous work.[38] Briefly, a PAMAM dendron, initiated from an ethanolamine
core, was reacted with methyl acrylate and ethylenediamine in successive Michael additions and
amidations. The dendron was grown to generation two (G2.0), leaving terminal amines and an
alcohol core available for future reactions. The full synthesis of these materials is detailed in the
appendix, but an overview is shown in Scheme 3.
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Amine precursor- PAMAM-G3.0-Boc.

The G3.0 PAMAM dendron was synthesized by

treating the G2.0 PAMAM dendron with methyl acrylate followed by ethylene diamine, as was
initially reported by Tomalia et al.[39] The terminal amine end-groups were protected using Boc
anhydride.

Alcohol precursor- PAMAM-G3.0-THP

For the synthesis of G3.0 PAMAM-THP, the G2.0

PAMAM dendron was reacted with methyl acrylate to form the half-generation of PAMAM
(G2.5). This half-generation was then end-capped with a tetrahydropyran (THP)-protected ethanol
amine monomer. This molecule is known as PAMAM-G3.0-THP dendron due to the terminal THP
groups. The central alcohol core and its reactivity were maintained throughout these reactions.

Carboxylate precursor (PAMAM-G3.0-TBE)

To

synthesize

the

precursor

to

the

carboxylate terminal PAMAM, G2.0 PAMAM dendron underwent a Michael Addition with tertbutyl acrylate. This end-group could then be deprotected using acidic conditions to yield
carboxylic acid functionalities that would be deprotonated at physiological conditions. This
PAMAM dendron is denoted as TBE due to the formation of the tert-butyl ester that is formed
from this Michael addition.

General Synthesis for LDBCs

The linear, hydrophobic block of the copolymer system was

incorporated by conducting a ring-opening polymerization (ROP) on the central alcohol core of
each of the PAMAM precursor derivatives. D,L-lactide was used as the monomer in the presence
of 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) as a catalyst. The monomer feed of the DL-lactide
was varied to yield polymers that were either 70 or 30 wt % with respect to the polyester block of
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the copolymer system. The LDBC precursors synthesized are: 70-DL-G3-Boc, 30-DL-G3-Boc,
70-L-G3-THP, 30-DL-G3-THP, 70-DL-G3-TBE, 30-DL-G3-TBE. The naming convention in use
here indicates the weight ratio of the polymer with respect to the polyester, the stereochemistry of
the polyester, the generation of PAMAM dendron, and the terminal end-group.
To render the copolymers amphiphilic, the LDBC precursors were treated with acid by
dissolving them in dry DCM and stirring with trifluoracetic acid (TFA). The deprotection of the
terminal end-group was monitored via NMR. The THP derivative required a minimal amount of
methanol to yield the alcohol (OH) terminal LDBC, which is expected to be neutral at
physiological conditions. The Boc-protected LDBC and TBE- LDBC yielded both the cationic
(NH3+) and carboxylate (COO-) termini, respectively.

3.2.2. Molecular Weight Characterization. The synthesis and degree of polymerization of the
LDBCs was confirmed using both spectroscopic (NMR) and chromatographic (GPC) methods. 1H
NMR was collected for the PAMAM dendrons, the LDBC precursors and the deprotected LDBCs.
The degree of polymerization was estimated via the integrations of the repeat units of the polyester
(5.17 ppm) and a reference peak on the PAMAM portion of the LDBC (1.44 ppm for the Boc
and TBE derivatives and 4.67 ppm for the THP derivatives). The actual molecular weights, as
well as the polydispersity index (PDI), were determined using GPC. The GPC measurements were
conducted on the LDBC precursors with THF as the mobile phase, a flow rate of 1 mL min-1 at 35
C. The calibrant for these studies was made using polystyrene standards (900-100,000 g mol-1)
and was processed using Lab Solutions and Astra Software.
3.2.3. Preparation of Nanoparticles. The aggregates were prepared via the nanoprecipitation
method.[40] 1 mg of the LDBC was dissolved in a minimal amount of THF and then added dropwise
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into a sonicated vial of aqueous media. In this work, the nanoaggregates were studied in water,
HEPES buffer, and PBS buffer. The THF was evaporated under a stream of nitrogen during an 8hour equilibration period.
The HEPES buffer was prepared at a concentration of 0.01 M by diluting from a 1 M stock
solution purchased from Thermo Fisher Scientific. The final pH of this buffer solution was 7.3.
The phosphate buffer solution was prepared using PBS tablets purchased from Fischer Scientific.
These tablets were dissolved in 100 mL of water to yield a buffer solution with a pH of 7.4 and a
salt composition of sodium phosphate (137 mM), potassium phosphate (2.7 mM), sodium chloride
(137 mM), and potassium chloride (2.7 mM).

3.2.4. Size and Zeta Potential (Dynamic Light Scattering/TEM).

Nanoaggregates were formed

via nanoprecipitation, then aggregate formation was confirmed via DLS measurement. The surface
charge density was determined using a Malvern Instrument Zetasizer ZS using an He-Ne Laser
with a 633 nm wavelength. The detector angle was 173 and the experiments were carried out at
25 C. This same instrument was also used to conduct the DLS measurements. The size and
morphology of the aggregates were observed using a JEOL JEM 2100 transmission electron
microscope (TEM) with a LaB6 emitter. The contrasting agent used for these images was 1%
uranyl acetate solution in ethanol.
3.2.5. Critical Aggregation Concentration.

The critical aggregation concentration for each

polymeric aggregate was determined using previously reported methods.[38] In brief, pyrene was
used as a fluorescent probe, indicating aggregate formation. Pyrene (1.7 mg; 8. 41 µmol) was
dissolved in acetone (3.34 mL). 40 µL of this pyrene stock solution was diluted in 39.96 mL of
aqueous media (water, HEPES or PBS buffer). Twelve concentrations of polymer in aqueous
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media ranging from 10-8 – 1000 mg L-1 were prepared via serial dilution. 1.8 mL of the aqueous
pyrene solution was added to each diluted aggregate suspension and then allowed to equilibrate in
the absence of direct light for 48 hours. Fluorescence spectra were collected on a Varian Cary
fluorescence spectrometer from Agilent technologies. The emission wavelength used for this study
was 390, and the excitation spectra was recorded from 300 to 360 nm. The ratio of emission
intensities at 338 and 333 nm as a function of the log of the concentration was plotted. The intercept
of the two linear regions of the graph is then used to determine the CAC values. The graphs
obtained from the fluorescence spectroscopy are shown in the appendix.
3.2.6. Hydrophobic Dye/ Drug Encapsulation Study.

An

indolizine

cyanine

(C3)

hydrophobic dye was selected for the encapsulation studies in this work. [41] To load this dye into
the nanoparticles, the nanoprecipitation method was used with a slight modification. The dye was
co-dissolved with the polymer in THF prior to the dropwise precipitation into the aqueous media.
The aggregate suspension was then allowed to equilibrate with a gentle flow of nitrogen for 8 h to
remove the organic solvent. The formulation was then filtered through a 0.45-micron nylon syringe
filter to remove any dye that was not encapsulated. The loaded nanoparticles were then burst, and
the water was removed by freeze-drying or lyophilization. The previously encapsulated C3 dye
was re-dissolved in 2 mL of THF to collect the absorbance spectra which are then used to
determine the drug loading capacity of the nanoparticles.
To determine the drug loading capacity, the following equation was used:[42]
𝐷𝐿 (%) = 100 𝑥

𝑀𝑐
𝑀𝑝+𝑀𝑐

(4)

In these equations, Mc is the mass of the C3 in the nanoparticle, M p is the mass of the LDBC
polymer used for the encapsulation.
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3.3 Results & Discussion
3.3.1. Design and Synthesis of LDBC Derivatives.

The goal of this work is to determine

how surface modification affects the overall self-assembly, stability, and cellular uptake of our
previously synthesized LDBCs.[38] In the previous chapter, we discussed our LDBC copolymer
system that was comprised of a standard PAMAM dendron that was chemically linked to a linear,
hydrophobic polyester. The polyester in that work was either L-lactide or DL-lactide. This
composition of the block copolymer system was altered by varying the weight ratio of the
hydrophobic block to the hydrophilic block of the LDBC. The weight ratios studied were 90, 70,
50, and 30 weight percent polyester to PAMAM.
Presented in this chapter are PDLLA-PAMAM LDBCs that are synthesized with either
amine, alcohol, or carboxylate terminal end-groups on the PAMAM portion of the block
copolymer (Figure 10). These modifications allowed us to comparatively study the effects of
cationic (amine- NH3+), neutral (alcohol- OH), and anionic (carboxylate- COO-) functionalities on
the physiochemical properties and cellular uptake of the nanoparticles at physiological conditions.
These studies would also provide insight into other physiochemical properties that can ultimately
affect the overall biocompatibility of the polymeric nanoaggregates for biomedical-based
applications.
The polyester selected for the linear, hydrophobic block of the copolymer was DL-lactide.
This polyester was selected due to the amorphous nature of this polyester. In the previous work,
we found that the DL-lactide afforded nanostructures that were spherical in shape and relatively
uniform in size.[38] Due to these morphological properties, we elected to focus on LDBCs
comprised of the DL-lactide rather than the more crystalline L-lactide.
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The LDBCs were synthesized at 70 wt% and 30 wt % polyester in relation to the PAMAM
portion of the block copolymer. These weight ratios were selected due to the observed
morphologies at these weight ratios in the previous study. The 70-DL-G3-NH3+ aggregates showed
the formation of core-shell vesicles, while the 30-DL-G3-NH3+ displayed micellar morphologies.
These morphologies were confirmed via small-angle x-ray scattering (SAXS).[38] These
morphologies are favorable due to their biomimetic nature when compared to biological
membranes. Additionally, literature shows that for polymeric amphiphiles, the hydrophobic
content is a primary factor in the morphology obtained during the self-assembly processes.[43]
To synthesize the LDBCs, a dendrimer-first approach was taken by first synthesizing the
PAMAM dendron and using this macromolecule as the initiator for the ring-opening
polymerization (ROP). The ROP was initiated off of the central alcohol core of the functionalized
PAMAM dendron. DBU was used as the catalyst as it provided quantitative monomer conversion,
shorter reaction times, and a straightforward purification method for the LDBC (Scheme 3). The
full synthesis of these derivatives can be found in the appendix.
The PAMAM derivatives for this work were all synthesized with yields greater than 90%.
The ring-opening polymerizations yielded quantitative yields above 80%. Noteworthy in this
synthesis is the bulkiness of the PAMAM macroinitiator. This ultimately affected the monomer
feed ratio for the THP and TBE ROPs. For these LDBCs, the monomer feed ratio was higher than
that of the Boc derivatives. This is likely due to steric hindrance at the central alcohol reactive site.
The deprotection of the LDBCs was carried out via acid hydrolysis of the protecting groups in
DCM. The deprotection was monitored via 1H NMR. The yields for the deprotection were above
95%.
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Prior to the deprotection of the LDBCs, the synthesis of each derivative was confirmed via
NMR. The degree of polymerization was estimated by determining the integration ratio between
the methylene peak corresponding to the polylactide ( 5.2 ppm) and a known peak on the
PAMAM portion of the block copolymer system. For the Boc and TBE derivatives, the reference
peak belonged to the tert-butyl group that has a chemical shift at ~1.44 ppm. The reference peak
for the THP derivative was the singlet proton connecting the THP group to the ethanolamine that
appears at ~4.6 ppm. The full NMR spectra can be found in the appendix.
3.3.2. Molecular Weight Confirmation of LDBCs.
Table 6. Calculations for the desired PDLLA-PAMAM LDBCs
MW
protected
macroinitiator
(g mol-1)

MW
deprotected
macroinitiator
(g mol-1)

MW
DL-Lactide
block
(g mol-1)

MW
protected
LDBC
(g mol-1)

MW
deprotected
LDBC
(g mol-1)

70-DL-G3-Boc (NH3+)

2,460

1,667

3,890

6,350

5,557

30-DL-G3-Boc (NH3+)

2,460

1,667

714

3,174

2,381

70-DL-G3-THP (OH)

2,340

1,667

3,890

6,230

5,557

30-DL-G3-THP (OH)

2,340

1,667

714

3,054

2,381

70-DL-G3-TBE (COO-)

1,771

1,314

3,067

4,838

4,381

30-DL-G3-TBE (COO-)

1,771

1,314

563

2,335

1,878

Table 7. Molecular weight characterization of PDLLA-PAMAM LDBCs by GPC
NMR
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GPCTHF

Sample

Yields

MTh
g mol-1

Mw
g mol-1

Mn
g mol-1

Mw
g mol-1

PDI

70-DL-G3-Boc

87%

6350

6852

18 053

10 415

1.44

30-DL-G3-Boc

83%

3174

2964

1912

2207

1.15

70-DL-G3-TBE

92%

4838

5738

8675

10 870

1.25

30-DL-G3-TBE

86%

2335

2212

2522

2983

1.18

70-DL-G3-THP

89%

6230

5222

6031

8265

1.37

30-DL-G3-THP

82%

3054

3205

3148

3860

1.23

In order to confirm the targeted molecular weights of the macromolecules, gel permeation
chromatography (GPC) was used. The precursor (protected) materials were studied due to their
solubility in the mobile phase (THF) when compared to their amphiphilic counterparts. The
calculations for the theoretical molecular weights of the each of the copolymer systems is tabulated
in Table 6, while the molecular weight confirmations by GPC are tabulated in Table 7. There is
significant agreement between the theoretical and experimental values, indicating that the
polymers had been synthesized at the desired molecular weight ratios. The differences in molecular
weight can be attributed to the use of polystyrene as the calibrant for the GPC data. Polystyrene is
a linear polymer, while the LDBCs are composed of both linear and branched polymers. The
LDBCs with more linear character will behave more similarly to the polystyrene calibrant, while
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the LDBC derivatives with a more branched architecture (higher PAMAM content) will move
through the column slightly differently due to the larger hydrodynamic volume.

Figure 11. GPC chromatogram of both 70 and 30 weight percent PDLLA-PAMAM LDBCs;
a. 70-DL-G3-TBE, b. 30-DL-G3-TBE, c. 70-DL-G3-THP, d. 30-DL-G3-THP
The LDBCs with a smaller polyester composition (30 wt% polymers) exhibited longer
retention times within the column. These polymers are composed primarily of dendritic polymer
and therefore tend to have a more compact or uniform radius when compared to linear polymers.
This affects the overall elution time of the polymers as well as the size of the distribution curve.
Another factor affecting the elution time of the polymers from the column is the overall bulkiness
of the PAMAM portion of the LDBC. The Boc and TBE derivatives are relatively similar in that
their end-groups ae approximately the same size; however, when considering the size of the THP
LDBC derivatives, the terminal end-groups are capped with the THP protecting group. This makes
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the dendritic region significantly bulkier on these derivatives when compared to the Boc and TBE
LDBCs. This ultimately increases the hydrodynamic of the overall polymeric macromolecule. Due
to the ring structure of the end-group, the dendrimer is less flexible and cannot fold onto itself as
easily as the other dendritic derivatives. The effects of this hydrodynamic radius change can be
observed in the elution time of the GPC chromatograms (Figure 11). The 70-DL-G3-THP and 30DL-G3-THP LDBCs had similar elution times (~18.2 minutes) despite having significantly
different molecular weights (Mn and Mw for 70-DL-G3-THP is 6,031 and 8,265 g mol-1,
respectively, while the Mn and Mw for 30-DL-G3-THP is 3,148 and 3, 860 g mol-1, respectively).
The Boc protected derivatives had elution times of ~16.5 and 17.5 minutes for the 70-DL-G3-Boc
and 30-DL-G3-Boc LDBCs, respectively, while the TBE derivatives had elution times of ~14.5
and 16 minutes for the 70-DL-G3-TBE and 30-DL-G3-TBE LDBCs, respectively.

3.3.3. Self-assembly and Morphological Studies.

Based on the polymeric composition of our

copolymer systems, we are expecting to observe vesicles and micelle morphologies for the selfassembly of the 70 wt% and 30 wt% LDBCs, respectively. [38] The self-assembly of the
nanoaggregates is driven by the hydrophobic block of the copolymer system; therefore, it is
expected that morphologies would be dependent upon the hydrophobic content of the overall
polymer.
Aside from the hydrophobic content, the most significant variations in the size and
morphology are expected to be due to the changes in terminal end-groups on the dendritic region
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of the block copolymer. The amines are expected to provide a cationic surface charge
density on the nanoaggregate, while the alcohol would produce a neutrally charged particle, and
the carboxylate would be a negatively (or anionically) charged nanoparticle.

Figure 12. “Two-dimensional depiction of the conformational change of an amino-terminated
PAMAM dendrimer upon increasing pH; Two-dimensional depiction of the conformational
change of a carboy-terminated PPI dendrimer at increasing pH” Adapted from Heegaard.

Dendritic molecules can be used to assess the molecular dynamics at play with our LDBCs.
This comparative analysis will allow us to better understand the variances in size that have been
observed in the self-assembled nanoaggregates. The effects of terminal end-group modifications
on full dendrimers have been well studied both experimentally and computationally. [44] PAMAM
and similar variants have been shown to take on a ‘native’ (tight) or ‘denatured’ (extended)
conformation depending on the polarity, ionic strength, and pH of the solvent or media. Briefly,
amine-terminated dendrimers exhibit a denatured (or extended) conformation in low pH due to
electrostatic interactions of the protonated tertiary amines at the periphery of the dendrimer as well
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as in the backbone structure (in the case of PAMAM). At high pH values, the dendrimer takes on
a more condensed conformation due to back-bending of the branches into the core for hydrogen
bonding opportunities. Dendrimer variants (i.e., polypropylenimine (PPI)) with carboxylate endgroups display an extended conformation at either end of the pH spectrum (pH 4 and pH 11) due
to the electrostatic repulsion (of the positively charged internal amines (R3N at branching points
and NH3+ at the termini) at low pH and the negatively charged end-groups at high pH), leading to
more out-stretched branches (Figure 12). There is no net charge on these dendrimers at pH 6, which
results in a tighter structural conformation that is primarily controlled by intramolecular hydrogen
bonding. Although there is significant literature on the structural effects of cationic and anionic
terminal end-groups on dendrimers, there is very little known about neutrally charged derivatives.
The nanoaggregates presented in this chapter were confirmed and studied using light
scattering and microscopy techniques. The aggregates were formed in aqueous media using the
nanoprecipitation method to form the most thermodynamically stable aggregates. The final
concentration of the polymeric aggregates was 1 mg mL-1.
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Figure 13. DLS and TEM of PDLLA-PAMAM LDBCs in water; 70-DL-G3-NH3+ (a,b), 30DL-G3-NH3+(c,d), 70-DL-G3-OH (e,f), 30-DL-G3-OH (g,h), 70-DL-G3-COO- (i,j), 30-DLG3-COO- (k,l)

From the DLS data, the intensity value most closely corresponded to the size distributions observed
in the TEM images. The DLS plots in Figure 13 are intensity values, although the full data set
(e.g., intensity, number, PDI, plots, etc.) can be found in the appendix.
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Our LDBCs are comprised of both a linear and dendritic region, and although the dendritic
region is a dendron (rather than a full dendrimer), the conformation of the branches remains
dependent upon the microenvironment it is exposed to. As such, pH and ionic strength of the
aqueous media affect the conformation of the dendrimer, thus impacting the overall size,
morphology, and surface charge density of the self-assembled nanoaggregate.
In this work, we explore all of our nanoaggregates in water, HEPES buffer, and PBS buffer
to better understand the morphological changes that pH and ionic strength, as it relates to
physiological conditions, can cause. Water was used to provide a baseline for condition and
environmental comparison. HEPES buffer at pH 7.3 was selected to study the effects of pH on the
self-assembled nanoaggregate. HEPES is also a well-known non-ionic buffer, so we are able to
study the effects of pH on the systems without introducing other variables. Finally, PBS buffer
was used as the final aqueous media to study both the effects of physiological pH (7.4) and salt
content.
In water, aggregate formation was confirmed, and showed that sizes of the LDBC
derivatives increased in the order of amine (108.3 nm), alcohol (297. 9 nm), and carboxylate
(333.0) for the 70 wt % polyester copolymer systems. The alcohol and carboxylate derivatives
both possessed a bimodal distribution and showed aggregations larger than 1 µm (Figure 13). A
similar trend was observed for the 30 wt% derivatives, although the cationic and neutral aggregates
were nearly the same size having diameters of 198.1 nm and 183.7 nm, respectively. The 30-DLG3-COO- was significantly larger with a diameter of 2,105 nm by DLS. The TEM (Figure 13)
shows that in water, the 70 wt% derivatives form bilayer vesicle structures, while the 30 wt%
derivatives show micelles for the cationic and neutral aggregates. The anionic aggregates formed
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from 30-DL-G3-COO- appear to form bilayer vesicle structures, despite the hydrophobic content
of this block copolymer system.
This trend changed at physiological conditions as the polymers were allowed to take on
their native conformations. In the HEPES buffer, the aggregates formed from LDBCs with
terminal amines had diameters of 141.0 and 311.1 nm for the 70 and 30 wt % LDBCs, respectively

Figure 14. TEM in HEPES buffer & PBS buffer; 70-DL-G3-NH3+ (a,g), 30-DL-G3-NH3+(b,h),
70-DL-G3-OH (c,i), 30-DL-G3-OH (d, j), 70-DL-G3-COO- (e, k), 30-DL-G3-COO- (f,l)
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(Figure 14; DLS in Figure 13). The alcohol terminal LDBCs formed aggregates with diameters of
217.8 and 293.2 nm for the 70 and 30 wt % derivatives, respectively. The anionic derivatives
(carboxylate terminated) formed aggregates with diameters of 239.7 and 212.1 nm for the 70 and
30 wt % derivatives. As a result of the change in pH, both cationic derivatives took on a more
extended conformation and formed larger aggregates in the HEPES buffer than in water. It is also
important to note the change in surface charge density. For 70-DL-G3-NH3+ the surface charge
density decreased from +50.4 mV to +40.1 mV. The 30-DL-G3-NH3+ derivates also experienced
a decrease in surface charge density from +38.7 mV to +20.7 mV. This is due to the more basic
nature of the HEPES buffer when compared to the water.
The alcohol terminated LDBCs both experienced significant decreases in their surface
charge density, but the changes in sizes differed for both the 70-DL-G3-OH and 30-DL-G3-OH
derivatives. 70-DL-G3-OH had an overall decrease in size (217.8 nm in HEPES), but of note is
the change in the overall size distribution. In water, two size distributions were observed, while in
the HEPES buffer, the sample exhibited a monomodal size distribution. This is an indication of
increased stability of the nanoaggregate. Further confirmation of this increased instability can be
observed in the PDI value of the aggregates formed in both water and HEPES buffer. In water, the
70-DL-G3-OH had a PDI of 0.321, while in HEPES, the same aggregate suspension had a PDI of
0.184. The aggregates formed from 30-DL-G3-OH had a significant increase in size in the HEPES
buffer to 293.2 nm. The PDI for this nanoaggregate increased in the HEPES buffer as well,
indicating some possible destabilization. The overall surface charge density of these aggregates
was +0.853 mV, a near zero (neutral) charge density. When considering the structural
conformation of the PAMAM block of the copolymer system, it would be expected that at this pH
(7.3) there would be less protonated tertiary amines on the back-bone structure (R3NH+) than in
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water at pH 7. This would ultimately expand the inner core of the dendrimer. At this pH, the
terminal end-groups (-OH) are likely partially deprotonated and would either repel each other due
to electrostatic interactions or bend into the core of the dendrimer for hydrogen bonding
opportunities. In water, the alcohol terminus would likely be fully protonated and take advantage
of hydrogen bonding opportunities through back-bending of the branches, resulting in a smaller
nanoaggregate.
When considering the carboxylate LDBC derivatives, both aggregate suspensions
ultimately decreased in size when in the HEPES buffer when compared to the nanoaggregates
formed in water. This is likely due to intramolecular hydrogen bonding. The polydispersity of the
70-DL-G3-COO- decreased from 0.654 (water) to 0.211 (HEPES), indicating increased stability
of the aggregates. The size distribution for this aggregate suspension also changed from a bimodal
distribution to a monomodal distribution. The size distribution of the 30-DL-G3-OH
nanoaggregates decreased significantly from 2,105 nm (water) to 212.13 nm (HEPES) in diameter.
The PDI also decreased from 0.497 to 0.345. For both polymeric nanoaggregates, the surface
charge densities were negative as was expected with the carboxylate terminus (-38.73 mV for 70DL-G3-COO- and -4.44 mV for 30-DL-G3-COO-).
Salts at physiological concentrations were introduced to the microenvironment of the
nanoaggregates through the use of PBS buffer. This allowed us to better understand how naturally
occurring salts could disrupt the overall aggregate morphology and better understand how the
aggregates would behave in vivo. The effects of the salt introduction are most notable when
considering the thermodynamic stability of the nanoaggregates (vida infra) and the polydispersity
of each aggregate formulation. All nanoaggregates showed an increase in PDI when placed in PBS
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buffer. The most pronounced changes in aggregate formation were observed in the aggregates
formed by 70-DL-G3-OH. These polymeric aggregates are explored in detail in the next section.
3.3.4. Aggregation Behavior of 70-DL-G3-OH
Table 8. DLS results of pH-dependent study of 70-DL-G3-OH in HEPES and PBS buffers
HEPES Buffer

PBS Buffer

pH

Intensity
(d. nm)

Number
(d. nm)

PDI

ζPotential
(mV)

Intensity
(d. nm)

Number
(d. nm)

PDI

ζPotential
(mV)

5

42.93

0.738

0.338

-1.85

1914

1114

0.240

-8.70

5.5

1132

798.8

0.276

-13.9

1770

1093

0.364

-7.57

6

1376

996.5

0.273

-15.43

2541

1006

0.334

-21.63

6.5

1808

766.3

0.294

-13.27

1674

1278

0.471

-22.37

7

3268

1970

0.219

-21.23

1421

505.2

0.505

-24.97

8

202.1

103.9

0.179

-32.47

2844

1203

0.415

-28.13

8.5

222.9

94.88

0.187

-39.57

1795

670.2

0.447

-26.53

9

177.6

98.25

0.197

-49.03

4502

626.4

0.467

-26.23

10

194.8

85.88

0.212

-47.90

5298

372.4

0.257

-25.63

It was initially expected that the alcohol derivatives would exhibit neutral surface charge densities
for their self-assembled nanoaggregates at physiological pH. Although this was the case for the
less hydrophobic derivative (30-DL-G3-OH), the 70-DL-G3-OH varied dynamically when
considering it’s physical properties. In water, the aggregates formed with 70-DL-G3-OH showed
a positive surface charge density of +16.0 mV; however, at pH 7.3 in HEPES buffer, this polymer
exhibited a -26.4 mV surface charge that became more negative with the introduction of ions in
the pH 7.4 PBS buffer (-34.8 mV).
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Aggregates formed by the 70-DL-G3-OH LDBCs were prepared in buffers at pHs ranging
from 5-10 (both HEPES and PBS buffer); thus, allowing us to study and evaluate the potential
buffering capacity of this LDBC derivative. Previous studies have shown that solvent, pH, and the
presence of ions within the microenvironment of PAMAM can affect the distribution and location
of terminal end-groups within/ around the dendritic structure. At elevated pH, no protonation is
expected to occur on the amines along the backbone structure or at the terminal end-groups. At
neutral pH, the primary amine (at the termini) is expected to be protonated. As the pH continues
to decrease, the tertiary amines (R3N- at the branching points of the dendritic structure) will
increasingly become protonated. It has also been found that with increasing amounts of protonation
on the dendrimer, the terminal end-groups tend to move to the periphery of the dendrimer
structure.[44a] And finally, the presence of ions in the solvent leads to swelling or expansion of the
dendritic structure of PAMAM due to the interactions that the ions have with the branches. [45]
Similar to the work completed by Goddard III et al., a similar trend was observed in the
pH-dependent study of the 70-DL-OH nanoaggregates.[44b] At pH values lower than 7, the largest
aggregates are observed in both HEPES and PBS buffer with sizes ranging from 42.93 to 3, 268
nm and 1,421 to 2, 541 nm, respectively). At the lowest pH values, it is expected that the terminal
end-groups (alcohols) will be at the periphery of the dendritic structure, resulting in a more neutral
surface charge—as initially expected with the alcohol terminal LDBC derivatives. The study
performed by Goddard also suggests that the introduction of ions promotes swelling of the
dendrimer.[44b] We, too, observed aggregates at every pH (excluding at neutral pH) in PBS buffer
being larger than that of the aggregates in HEPES buffer.
Changes in the zeta potential for the nanoaggregates were also assessed as a function of
pH. The general trend is that as the pH increased (became more basic), the surface charge density
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became more negative. At the lowest pH values studied (pH 5), the surface charge density
approached neutral (-1.85 mV). At higher pHs (above 8), more of the internal amines (R3N- at the
branching points of the dendritic structure) would become deprotonated, and the surface charge
became more negative. Interestingly, in PBS buffer, the change in zeta potential was negligible
beyond pH 6. The most dramatic change was observed between pH 5.5 and 6 (zeta potential = 7.57 mV to -21.63 mV).
Table 9. CAC values of PDLLA-MAM nanoaggregates in PBS buffer
PBS
Sample

CAC (mg L-1)

70-DL-G3-NH3+

2.43

30-DL-G3-NH3+

46.66

70-DL-G3-OH

2.85

30-DL-G3-OH

39.22

70-DL-G3-COO-

3.20

30-DL-G3-COO-

43.70

3.3.5. Thermodynamic Stability
The thermodynamic stability of the self-assembled aggregates was investigated through the
determination of the critical aggregate concentration (CAC) value. As these materials advance
toward use as viable biomaterials, it is critical that we consider how these nanocarriers could
withstand rapid dilutions in conditions experienced during intravenous injection. The CAC value
indicates the minimal concentration of polymer that is needed to form a stable aggregate in
solution. In this work, the CAC values were determined in water, HEPES buffer, and PBS buffer.
The HEPES buffer was selected to ensure that the terminal end-groups of the LDBC contained the
expected charge density. The thermodynamic stability was also studied in PBS buffer to introduce
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salt ions at physiological concentrations to better understand how these materials might behave in
the body. The CAC values of the nanoaggregates in PBS buffer are tabulated in Table 9. The CAC
values of the aggregates in water and HEPES buffer are tabulated in the appendix.
Depending on the hydrophobic content and the terminal end-groups on the LDBCs, the
CAC values obtained in PBS buffer ranged from 2.43 to 46.66 mg L-1. As expected, the LDBC
derivatives with higher hydrophobic content had lower CAC values than their more hydrophilic
counterparts. This is consistent with literature suggesting that the hydrophobic content is the
driving force for the self-assembly of amphiphilic nanoaggregates. In short, the more hydrophobic
content on the block copolymer system, the lower the CAC value.[46] The salt in the PBS buffer
had a destabilization effect on the aggregates, resulting in higher CAC values when compared to
the values obtained in water and HEPES buffer.
The CAC values obtained can also be directly correlated to the terminal end-group, surface
charge density, and 3D conformation of PAMAM in the self-assembled structure. As mentioned
earlier in this work, PAMAM can exist in a native (or more compact) structural composition or an
extended or (denatured) configuration. The molecular dynamics of the PAMAM dendron affect
the overall self-assembly and the amount of polymeric materials needed to come together to form
the aggregates themselves. The larger the LDBC structure, the fewer components need to come
together to form a stable aggregate.

3.3.6. Hydrophobic Dye Loading
In this chapter, we will highlight the ability of these nanoparticles to upload small
molecules such as fluorescent dyes. In the next chapter we will use the same dye studied here as a
fluoroprobe to assess cellular uptake. The drug loading capacity of a fluorescent cyanine dye (C3)
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into each of the LDBC derivatives were assessed in water. This dye was selected for its
hydrophobic nature and because it has emission wavelengths ranging from 725 to 747 nm,
depending on the solvent, making it useful for future biological studies.

3.4. CONCLUSION
In this work, we have designed, synthesized, and characterized novel LDBC polymers for use as
viable biomaterials. Through the modification of the terminal end-groups of the hydrophilic
PAMAM dendrimer and the degree of polymerization of the hydrophobic polyester, we have been
able to develop a library of materials that are designed to be suitable for a variety of applications.
These LDBCs form thermodynamically stable nanoaggregates that have the ability to encapsulate
hydrophobic dyes. These nanoaggregates ranged in size from approximately 30 nm to 150 nm and
exhibited positive, neutral, and anionic surface charge densities for the cationic, neutral, and
anionic derivatives.
As we advance these materials towards viable biomaterials, the surface charge density and
other physiochemical properties need to be considered. In the next chapter, the biological
compatibility will be assessed for all of the polymeric aggregates studied thus far.

57

CHAPTER IV
Toxicological and Cellular Uptake Assessment of PLA-PAMAM LDBCs

4.1. Introduction
There is a significant need for mechanically stable polymeric nanocarriers that can withstand the
physiological conditions in the body. In the previous chapters (Chapter 2 and Chapter 3), we
explored the design and development of PLA-PAMAM LDBCs with varying stereochemistry (L
vs DL-Lactide) for the linear, hydrophobic content and varying end-groups (amine, alcohol, and
carboxylate)

on

the

hydrophilic,

dendritic

block

of

the

copolymer

system.

The

composition/stereochemistry of the hydrophobic block controls the mechanical properties and,
ultimately, the morphology of the self-assembled structure.[38] In chapter 2, we studied the
structure-function relationship of PLLA-PAMAM LDBCs compared to PDLLA-PAMAM
LDBCs. In that work, we observed that the DL-Lactide series formed more stable nanoaggregates
when compared to the more crystalline L-lactide. This is most clearly seen in the spherical
morphologies observed in aggregates formed from 90-DL-G3-NH3+ LDBCs compared to the
worm-like structures observed in aggregates formed from 90-L-G3-NH3+ (Figure 9). By varying
the amount of polylactide on the overall LDBC structure (70 and 30 wt %), we were able to obtain
bilayer vesicles and micellar structures.
When considering advancing this research towards viable biomaterials, the surface
interactions of the nanoaggregates with biological components need to be considered. One of the
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primary differences in the LDBC derivatives explored in Chapter 3 is the surface charge density.
Surface charge density describes the electric charge (or potential) on the surface of a material. This
physical property has been extensively used as an initial indicator of a material’s ability to serve
as a biomaterial in vivo.[35a] Surface charge density has also been used to assess the relative toxicity
of a material.[25b] It is well-established that cationic nanoparticles with too high a positive surface
charge density can lead to cytotoxic effects such as cell lysis, myotoxicity, or even secondary
protein structure disruption in vivo. He et al. reported that nanoparticles with surface charge
densities of less than 15 mV are suitable for biomedical applications. [47] Anionic nanoparticles
have demonstrated the ability to have longer blood-circulation times but tend not to interact with
the similarly charged cellular membranes.[48] Neutrally charged nanoparticles are interesting
because they have increased blood circulation times compared to cationic nanoparticles, but they
also can resist interactions with plasma or serum proteins.[48] Most recently, they have been known
to have the ability to cross the blood-brain barrier, which is an area of the body that has been
exceedingly difficult to reach via established drug delivery methods. [49]
Colorimetric assays are a simple and straightforward method to assess cell viability in vitro.
For the work presented here, we elected to perform crystal violet assays as an initial assessment of
the relative toxicity of our LDBC macromolecules and the aggregates formed from the LDBCs.
Crystal violet is a triarylmethane dye that has the ability to bind to ribose-containing molecules
(e.g. DNA within nuclei). Cells that are alive will remain adhered to the plate and be properly
stained, while dead cells will be washed away during the washing steps of this assay. The crystal
violet staining is directly proportional to the live cell biomass present within the cell media. The
amount of crystal violet staining can be quantified via UV-Visible spectroscopy by measuring the
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absorbance at 540-570 nm. This assay technique is favorable due to its simplicity, reproducibility,
and sensitivity.
Microscopy techniques have also been used to not only assess cell viability when treated
with nanomaterials but also can be used to track nanoparticles within cellular components.
Nanocarriers that have been modified with fluorescent probes or dyes (whether via covalent
linkages or encapsulation) can be tracked within labeled cellular components. Significant research
focuses on the ultimate fate of nanomaterials after they enter into cells, but little work has been
done to identify the exact route of uptake of polymeric species. A recent work published by
Reineke et. al. focused on the route of cellular uptake taken by polymeric polyplexes.[50] In that
work, confocal microscopy was used to track the initial interactions, point of entry, and the
internalization mechanism of polymer-based nano-carriers. This is the first reported work that
indicates (with imaging) the primary role of filopodia in cellular uptake as well as showcases the
fundamental mechanisms of cellular and nanoparticle interactions. In this chapter, we will assess
the biological relevance of the surface modified PDLLA-PAMAM LDBCs via colorimetric and
protein binding assays. Additionally, we use confocal imaging in order to provide insight into the
relative toxicity of the nanoaggregates, how the aggregates will behave in the presence of other
biological components, and to study the route of cellular uptake. Understanding these properties
will provide information on how to better design and tailor materials for specific biological
applications based on their behavior throughout these biological studies.

4.2 Experimental
4.2.1. Cytotoxicity Assay- Crystal Violet Assay.

To investigate the cytotoxicity of the

individual LDBC precursors, amphiphilic LDBCs, and the suspended polymeric aggregates, a
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crystal violet assay was conducted. Human lung cancer cells (A549) were cultured in DMEM
hyclone) and maintained at 37 C with 5% CO2 in a humidified incubator. Cells were seeded in a
96 well-plate at a density of 5 x 103 cells and incubated overnight. After 24 h, the cells were
incubated with the aggregates at varying concentrations to assess concentration-dependent cell
death. The cells were treated for 72 h with the appropriate polymer or aggregate suspension and
then stained with 0.1% crystal violet that was dissolved in 10% acetic acid. Absorbance
measurements were conducted at 595 nm using a BioTek Synergy H1 microplate reader. The
relative cell number was calculated as the ratio of the absorbance of the treated well versus that of
the untreated control.
𝐴

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = (𝐴 𝑠𝑎𝑚𝑝𝑙𝑒 ) 𝑥 100%
𝑐𝑜𝑛𝑡𝑟𝑜𝑙

4.2.2. Protein Binding Assay.

(3)

A protein binding assay using bovine serum albumin (BSA)

as the model protein was conducted in order to understand how effective proteins were at binding
to the surface of the nanoaggregates. This experiment was modeled after a similar experiment
conducted by Pearce et al.[51] Nanoparticle suspensions were prepared at a concentration of 1 mg
mL-1 using the nanoprecipitation protocol mentioned earlier in this work. Following the
equilibration period, BSA was added (0.2 wt%) to each aggregate suspension. The aggregates were
then incubated at 37 C for 24 hours. Each polymeric suspension was studied via DLS and the
Zetasizer to determine the changes in size and surface charge density.

4.2.3. Cellular Uptake/ Cellular Imaging.

Cellular uptake studies were conducted on human

embryonic kidney cells (HEK cells). The goal of this study was to determine the route of uptake
for each of the polymeric derivatives and to provide insight into where these particles are being
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trafficked within the cells. The nanoparticles were loaded with C3 dye in water using the protocol
described in the previous section. The dye-loaded aggregates were prepared as a stock suspension
at a polymeric concentration of 1 mg mL-1. The nanoparticle suspension was diluted directly in the
cell media to a concentration of 8.26 µg mL-1 . The treated HEK cells were then imaged for 20
minutes using a Leica confocal microscope to observe the initial interactions of the nanoparticles
with the cells. The images were processed using Fiji/Image J software. The images collected from
the time-lapse and other still images can be viewed in the appendix.

4.3. Results and Discussion

Figure 15. Crystal violet assay of 70-L-G3-Boc (precursor) and 70-L-G3-NH3+ (Janus
LDBC). Images b,c and d show the cellular morphology when untreated (control), and treated
with both the precursor and the Janus particle.
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4.3.1. Assessment of surface charge density on cell viability

For the initial cytotoxicity

assessment, 70-L-G3-Boc and the deprotected, amphiphilic 70-L-G3-NH+ were assessed for their
relative toxicity on the A549 lung cancer cell line. A stock solution of both materials was prepared
at 1 mg/ mL in water and then was diluted within the cell media to concentrations ranging from 5
to 100 mg L-1. These concentrations are below the critical aggregate concentration so that we could
study the relative toxicity of the free polymer. As shown in Figure 15a, the cell viability decreased
as the concentration of the polymers increased, although the precursor showed increased toxicity
compared to the toxicity of the Janus-polymer. Overall, for these initial studies, the cell viability
remained above 80%, indicating minimal toxicity of both the individual polymer and the precursor
material. It is also significant to note that there was an observable change in the cellular
morphology when the cells were treated with the polymers (Figure 15 b, c), and aggregation of the
amphiphilic Janus polymer was observed in the cell media as well (Figure 15c)

63

Figure 16. Cell viability assay- Crystal violet assay conducted on A549 lung cancer cell line

The toxicity of the nanoparticles formed from 70-DL-G3-NH3+, 30-DL-G3-NH3+, 70-DL-G3-OH,
30-DL-G3-OH, 70-DL-G3-COO-, and 30-DL-G3-COO- was assessed via a crystal violet assay on
a lung cancer cell line (A549). Three different polymeric concentrations (100, 50, and 10 µg mL 1)

were evaluated to identify any concentration-based toxicity associated with the nanoaggregates.

The aggregates showed minimal cytotoxicity at all concentrations, maintaining a cell viability
greater than 80% for all derivatives (Figure 16). Due to the surface charge densities observed on
the nanoaggregates, the high cell viability observed for the neutral and anionic derivatives aligns
with other reports of neutral or anionically charged nanomaterials.[52] However, the cationic
derivatives also showed minimal toxicity despite having surface charge densities of +56.9 mV and
+28.4 mV in water for the 70-DL-G3-NH3+ and 30-DL-G3-NH3+ derivatives, respectively. This is
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significantly high for viable biomaterials applications; however, we observed no cellular toxicity
in this initial assay.
To better understand this observation, we aimed to study the effects of proteins on the
overall size and surface charge density of the aggregates in solution. We performed a protein
binding assay using bovine serum albumin (BSA). BSA was selected as the model protein for this
work because albumin is the most abundant protein found in blood. This assay provides further
insight into how these materials might behave in vivo rather than in a laboratory setting.
Alone, BSA has an overall negative surface charge density of -22.9 mV, -6.18 mV, -8.51
mV in water, HEPES, and PBS buffer, respectively. In all forms of aqueous media, the protein had
a size less than 10 nm in diameter in the monomeric form. When considering the cationic
derivatives, both experienced a 10-fold size increase in water following treatment with BSA. Both
cationic derivatives also experienced a decrease in their surface charge density with 70-DL-G3NH3+ going from +56.9 mV to +19.7 mV and 30-DL-G3-NH3+ changing from +28.4 mV to -4.46
mV. This is a strong indication of protein binding on the aggregate surface as both the size and
surface charge density were largely affected. It is also important to note the increase in
polydispersity of the sample. Data suggests a destabilization of the aggregate in solution as a result
of the protein binding via electrostatic complexation. This is to be expected as there is extensive
literature regarding the ability for cationic PAMAM dendrimers to form complexes with
negatively charged biological components such as antibodies, DNA, or even nucleotides.[50] In
physiological conditions, nanoparticles—especially those that are positively charged—develop a
protein corona that shields the nanoparticle, thus altering some of the physiochemical properties
of the core-nanoparticle. This can lead to immunogenic responses and ultimately the clearance of
the nanoparticles from the body. [53]
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The neutral derivatives also had a significant increase in size following protein treatment,
but the change in surface charge density was less significant with differences ≤ 6 mV for both the
70-DL-G3-OH and 30-DL-G3-OH derivatives. Interestingly, the PDI of the alcohol derivatives
decreased from 0.87 and 0.83 to 0.49 and 0.54 for the 70-DL-G3-OH and 30-DL-G3-OH
nanoaggregates, respectively. In this case, non-covalent interactions (hydrogen bonding) with
protein BSA had a stabilizing effect on the aggregates.
The anionic aggregates differed in their response to the protein treatment with 70-DLCOO- showing a significant increase in the size with a change in diameter greater than 1200 nm.
The change in polydispersity of this sample was negligible, and the surface charge density
decreased by approximately 8 mV. The nanoaggregates from 30-DL-COO- initially showed a
bimodal size distribution. Following protein treatment, the size distribution was unimodal,
resulting in a significant decrease in the PDI. Following protein treatment, these nanoaggregates
yielded a surface charge density of -11.08 mV; ultimately becoming less negative.
The results of the protein binding assay provided insight into the minimal toxicity of the
cationic aggregates in the cell viability assay. Although the aggregates alone display a high surface
charge density, in the cell media, that surface charge density is significantly altered and decreased;
therefore, reducing potentially detrimental side effects. It is critical that as we develop polymeric
nanocarriers, we consider the way these materials interact with other biological components in
addition to their physiochemical properties. As such, additional toxicological studies on these
materials are ongoing as we continue to advance this work toward viable biomaterials.
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4.3.2 Cellular Interactions

Initial cellular interactions and uptake were studied via confocal

microscopy. HEK cells were treated with the nanoparticle suspensions and time-lapse imaging was
conducted for the first 20 minutes of treatment. As expected, the cationic derivatives (both 30-DLG3-NH3+ and 70-DL-NH3+) were successfully and actively transported into the cell. The cationic
nature of the nanoparticles creates favorable electrostatic interactions with the negatively charged
cellular membrane, inducing uptake. The route of uptake observed here is similar to that observed
in the work by Reineke, et al. where polyplexes were uptaken into cells via the filopodia, then
trafficked into the lamellipodia.[50] The confocal images in Figure 18 indicate that the cationic
nanoparticles are being actively up-taken via endocytosis by the filopodia, the actin projections
that extend from the surface of the HEK cells. Once the filopodia facilitate the uptake of the
nanoparticles, it is observed that the particles accumulate into the early endosomes of the cells
before being trafficked further into the internal lamellipodia of the cell.
When considering the anionic nanoparticles, it was expected that there would be no
observation of active cellular uptake. This is due to the match in surface charge of the electrostatic
potential on both the nanoparticle and the cellular membrane. Figure 18c shows a still image of
the HEK cells following treatment with both 70-DL-G3-COO- and 30-DL-G3-COO-, respectively.
The cells treated with 30-DL-G3-COO- show some fluorescence after the 20-minute time period,
but the uptake is not visualized in the time-lapse. The particles observed here were likely passively
taken into the cell.
The alcohol terminated LDBCs yielded interesting uptake properties. As aforementioned,
the 70-DL-G3-OH nanoaggregates had an observed surface charge density of +16.03 mV in water,
but when placed in cell media (typically an FBS buffer of pH 7.4), the surface charge density
changes to -34.6 mV. The 30-DL-G3-OH nanoaggregates have a surface charge density near zero
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when in aqueous media at physiological pH. The 30-DL-G3-OH derivative showed no active
transport as was observed in the anionic derivatives.

Figure 17. Early cellular interactions of PDLLA-PAMAM LDBCs on HEK cells: (a) 30-DLG3-NH3+, (b) 70-DL-G3-OH, (c) 30-DL-G3-COO-; The number within each frame indicates
the time stamp with which the image was taken within that specific set of images.
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Interestingly, the nanoaggregates formed from 70-DL-G3-OH were actively up-taken via
the endocytic route involving the filopodia, much like the cationic aggregates. However, upon
being up-taken, instead of being trafficked further into the lamellipodia, the nanoparticles appeared
to be rejected by the cell and dispersed back into the cell media as can be observed in Figure 17.
This uptake and release cycle occurred several times throughout the 20-minute imaging period
(appendix). This phenomenon can be explained by the “proton sponge” theory.[8, 45] This theory
states that following the endocytosis of polyplexes (i.e., complex of a charged polymer and a
charged biological entity), the polycations can absorb protons within the cell, buffering the
acidification event. This ultimately causes an osmotic influx of water, leading to the disruption of
the endosome membrane and the release of the polyplexes into the cytoplasm. According to this
theory, the higher the buffering capacity of the polymer, the greater this osmotic effect is on the
cell, ultimately increasing the amount of membrane disruption.[54] This theory has been previously
explored with PAMAM dendrimers specifically, as well as other amine-containing polymers. [55]
As can be observed from the pH-dependent DLS study of nanoaggregates formed from 70DL-G3-OH, this polymeric aggregate is able to buffer or maintain the surface charge density in a
wide range of pHs. It is also clear from the protein binding study that this polymeric aggregate can
also bind to charged biological components via electrostatic interactions to form a polyplex.
Therefore, we hypothesize the proton sponge theory can explain the endocytosis and releasing
events observed from this polymeric nanoaggregate. Further study of this phenomenon with higher
magnification and endosomal staining would be needed to prove this idea. If this hypothesis is
correct, the 70-DL-G3-OH nanoaggregate would be a great candidate for the delivery of DNA or
RNA vectors. This will be explored in future works.
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CHAPTER V
Conclusion
The development of safe, biocompatible, and effective drug delivery systems is a critical
area of research if we aim to fight off diseases and increase human life expectancy effectively.
Polymeric materials have proven to be suitable for these biomedical-based applications due to their
wide range of physical and mechanical properties that can be fine-tuned for their specific
application. PAMAM dendrimers, specifically, have shown promise for use in therapeutic delivery
due to the biomimetic nature of the polypeptide backbone architecture and globular 3-dimensional
shape. Of concern is the positive surface charge density of PAMAM that has been known to cause
several forms of toxicity in vivo. Although scientists have extensively studied methods of
decreasing this surface charge density, this is primarily accomplished by modifying the backbone
structure of the PAMAM dendrimer, which ultimately affects the physical properties of PAMAM.
In the work described here, we have demonstrated the use of PAMAM as a viable
biomaterial for applications in therapeutic delivery. By incorporating PAMAM into an amphiphilic
LDBC system that can self-assemble into micellar or vesicular morphologies, we can form stable
nanocarriers that exhibit minimal toxicity. In addition, we have modified the terminal end-groups
of PAMAM in an effort to explore the structure-function relationship between the molecular
architecture of the PAMAM block of the copolymer system and the self-assembled nanocarrier.
These modifications took place solely on the terminal ends of the dendritic architecture, preserving
the polypeptide branches and molecular structure of PAMAM. This allowed us to take full
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advantage of the physical and chemical properties of PAMAM while also fine-tuning the LDBC
structure for more specific applications. Despite these modifications, these LDBCs continued to
show minimal toxicity and can be uptaken into cells without causing cellular damage.
The work presented in this dissertation demonstrates ways in which PAMAM dendrimers
can be modified and introduced into viable biomaterials without altering the structural integrity of
the dendritic structure. Through the introduction of cationic, neutral, or anionic surface endgroups, we are able to utilize these materials for a broader range of applications. In addition, we
have fully assessed the route of uptake and early cellular interactions of these nanomaterials
making this research only the second report of visible filopodial uptake within cells. These findings
help to set the framework on how to design future biomaterials that are non-toxic, stable and have
favorable cellular interactions.
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Appendix A: Supplementary Information for Chapter 2

Additional Materials and Method Details
All reagents, solvents, and materials were purchased from commercial sources and were utilized
without further purification unless otherwise mentioned. THF and DMF solvents were degassed
in 20 L drums, then passed through two sequential purification columns of activated alumina
(molecular sieves for DMF) under a positive argon atmosphere. The synthetic procedures were
carried out under inert conditions using a standard Schlenk line unless otherwise specified. The
DBU catalyst was distilled over CaH2 prior to use. The lactide monomers (both L, and DL) were
recrystallized using toluene and then were dried under high vacuum (-100 kPa). The
macroinitiators were freeze-dried prior to use. All mass measurements for the ROP were conducted
under inert conditions inside of a glove box. 1H (13C) NMR was recorded on Mercury 300 or
INOVA 500 spectrometer. All chemical shifts () that are reported here are given in parts per
million (ppm) relative to the TMS standard and referenced to residual protonated solvent that was
purchased from Cambridge Isotope Laboratories, Inc. (CDCl3: H 7.26 ppm, C 77.16 ppm;
DMSO-d6: H 2.50 ppm, C 39.52 ppm; MeOD: H 3.31 pm, 4.87 ppm). The abbreviations
indicating the splitting pattern of the NMR signals are s (singlet), d (doublet), t (triplet), q (quartet),
quin (quintet), hp (heptet), b (broad), and m (multiplet). MALDI-TOF MS data was collected using
a Bruker-Daltronics Autoflex III mass spectrometer with delayed extraction using the reflector and
positive ion mode. The sample preparation involved the combination of polymer analyte (2 mg
78

mL-1) in THF, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
(20 mg mL-1) in THF as the matrix, and sodium trifluoroacetic acid (2 mg mL-1) in TJF as the
counter ion in a final ratio of 15:15:1. The MALDI-TOF MS data were calibrated against SpheriCal
dendritic calibrants from Polymer Factory in Stockholm, Sweden. The M n and Mw for each of the
samples was calculated using the PolyTools software. To collect the TEM images, a JEOL 1230
TEM was operated at 100 kV using a Gatan Orius 831 bottom-mounted CCD camera. The samples
were prepared up to one day in advance, filtered, then diluted within one hour of use.
Formvar/Carbon coated, 300 mesh grids were plasma cleaned prior to applying 15 microliters of
sample solution. The sample was allowed to settle on the grid for 10 minutes before wicking away
the excess fluid with a filter paper. Negative staining was carried out immediately using 1% uranyl
formate. The prepared grids were then dried under air for no less than 1 hour before TEM
observation.

Synthetic Details
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Scheme 4. Synthesis of HO-G3-Boc
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Scheme 5. Synthesis of PLA-PAMAM-NH3+ Janus-type LDBC
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Synthetic Details

PAMAM-G-0.5 (2)
To the stirred solution of ethanol amine (10.0 g, 0.16 mmol) in 50 mL of methanol, methyl acrylate
(MA) (70.75 g, 0.82 mmol) in 150 mL of methanol was added dropwise under salted ice. After the
completion of addition, the reaction mixture was allowed to come to room temperature and then
was subjected to heating at 35 oC overnight. Upon 1H NMR confirmation of completion, MA was
co-evaporated in-vacuo three times with butanol, three washes with reagent alcohol, and three with
MeOH until complete removal was confirmed by 1H NMR in CDCl3.1H NMR (CDCl3, 500 MHz)
δ 2.46- 2.51(2H, t), 2.59-2.63 (2H, t), 2.79-2.84 (4H, t), 3.56 – 3.60 (2H, t), 3.68(6H, s); Solvent
impurity: MeOH

PAMAM-G-1.0 (3)
To the stirred solution of ethylenediamine (EDA) (52.1 g, 0.866 mmol) in 100 mL of methanol,
PAMAM-G0.5 (10.17g, 0.043mmol) in 50 mL of methanol was added dropwise under salted ice.
After the completion of addition, the reaction mixture was allowed to come to room temperature
and then was subjected to heating at 35 oC for overnight. Upon 1H NMR confirmation of
completion, MA was co-evaporated in-vacuo three times each with butanol, reagent alcohol, and
MeOH until complete removal was confirmed by 1H NMR in MeOD.1H NMR (MeOD, 500 MHz)
δ 2.34-2.38 (4H, t), 2.63 (2H, t), 2.68-2.72 (4H, t), 2.78-2.83(4H, t), 3.21-3.25 (4H, t), 3.45 (2H,
s), 4.87. Solvent Impurities: n-BuOH δ 0.90-0.95(3H, t), 1.31-1.40 (2H, m), 1.43-1.54 (2H, m).
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PAMAM-G-1.5 (4)
To the stirred solution of MA (106.60 g, 1.24 mmol) in 200 mL of methanol, PAMAM-G1.0 (11.96
g, 0.124 mmol) in 50 mL in methanol was added dropwise under salted ice. After the completion
of addition, the reaction mixture was allowed to come to room temperature and then was subjected
to heating at 35 oC for two days. Upon 1H NMR confirmation of completion, MA was coevaporated in-vacuo three times with butanol, three with reagent alcohol, and three with MeOH
until complete removal was confirmed by 1H NMR in CDCl3. 1H NMR (CDCl3, 500 MHz) δ 2.382.40 (4H, t), 2.42-2.46 (8H, t), 2.53-2.57 (4H, t), 2.64-2.65 (2H, t), 2.73- 2.78 (8H, t), 2.81- 2.85
(4H, t), 3.27-3.29 (4H, t), 3.61, 3.63 (2H, t), 3.67 (12H, s); Solvent Impurities: MeOH

PAMAM-G-2.0 (5)
To the stirred solution of EDA (47.56 g, 792.59 mmol) in 100 mL of methanol, PAMAM-G1.5
(12.51g, 19.73 mmol) in 60 mL in methanol was added dropwise under salted ice. After the
completion of addition, the reaction mixture was allowed to come to room temperature and then it
was subjected to heating at 35 oC for three days. Upon 1H NMR confirmation of completion, MA
was co-evaporated in-vacuo three times with butanol, three with reagent alcohol, and three with
MeOH until complete removal was confirmed by 1H NMR in MeOD.
1H

NMR (MeOD, 500 MHz) δ 2.39-2.44 (12H, t), 2.60-2.65 (4H, t), 2.67-2.69 (2H, t), 2.75- 2.79

(8H, t), 2.81-2.85 (12H, t), 3.28-3.32 (12H, t), 3.35-3.36 (2H, t), 3.65-3.69 (2H, t); Solvent
Impurities: MeOH, t-BuOH
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PAMAM-G-2.5 (6)
To the stirred solution of MA (71.84 g, 834.483 mmol) in 150 mL of methanol, PAMAM-G2.0
(12.45 g, 16.689 mmol) in 60 mL in methanol was added dropwise under salted ice. After the
completion of addition, the reaction mixture was allowed to come to room temperature and then it
was subjected to heating at 35 oC for four days. Upon 1H NMR confirmation of completion, MA
was co-evaporated in-vacuo three times with butanol, three with reagent alcohol, and three with
MeOH until complete removal was confirmed by 1H NMR in CDCl3.
1H

NMR (CDCl3, 500 MHz) δ 2.35-2.38 (12H, t), 2.42-2.45 (16H, t), 2.53-2.56 (8H, t), 2.57-2.59

(4H, t), 2.60 (2H, t), 2.74-2.81 (28H, m), 3.26-3.29 (12H, t), 3.62-3.62 (2H, t), 3.67 (24H, s).
Solvent Impurities: IPA; MeOH

PAMAM-G-3.0 (7)
To the stirred solution of EDA (34.31 g, 570.99 mmol) in 70 mL of methanol, PAMAM-G2.5
(10.24 g, 7.137 mmol) in 50 mL in methanol was added dropwise under salted ice. After the
completion of addition, the reaction mixture was allowed to come to room temperature and then it
was subjected to heating at 35 oC for four days. Upon 1H NMR confirmation of completion, MA
was co-evaporated in-vacuo three times with butanol, three with reagent alcohol, and three with
MeOH until complete removal was confirmed by 1H NMR in MeOD.
1H

NMR (MeOD, 500 MHz) δ δ 2.38-2.42 (28H, t), 2.59-2.61 (12H, t), 2.73-2.77 (16H, t), 2.81-

2.84 (28H, t), 3.26-3.30 (28H, t), 3.64-3.67 (2H, t). Solvent Impurities: n-BuOH, MeOH and tBuOH
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PAMAM-G-3-BOC (8)
To the stirred solution of PAMAM-G3.0 (15.06 g, 9.041 mmol) in 150 mL of methanol, di-tertbutyl dicarbonate (Boc Anhydride) (39.85 g, 0.182 mmol) in 120 mL in methanol was added
dropwise under salted ice. After complete addition of Boc Anhydride, the reaction was allowed to
warm to room temperature. The reaction continued at room temperature for two days. Upon 1H
NMR confirmation of completion, a single rotovap ensued. The PAMAM product was dissolved
into a minimal amount of DCM which was followed by a precipitation via separatory funnel into
5x mL of stirring, pure hexane. After settling, the hexane layer was decanted, and the remaining
product was air-dried. This precipitation, decanting, and air-drying process was repeated twice
more. A final 1H NMR ensured the removal of Boc Anhydride.
H NMR (CDCl3, 500 MHz) δ 1.44 (72H, s), 2.37 (28H, t), 2.55 (14H, t), 2.75 (28H, t), 3.26 (28H,

1

t), 3.34 (20H, t), 3.64 (2H, t); Solvent Impurities: DCM

(90/70/50/30) – (DL/L) – G3 – BOC (9)
To a stirred solution of PAMAM – G3 – BOC (5) (1 g, 0.4 mmol) and L or DL – lactide (1.5 g,
10.98 mmol) in chloroform (12.5 ml), DBU (76 µL, 1 mmol) was added under inert atmosphere
and then stirred for 4 h. Benzoic acid (186 mg, 1.5 mmol) was added to the reaction mixture stirred
for another 30 minutes. The final reaction mixture was added dropwise to 250 ml of a solvent
mixture: containing diethylether:hexane:MeOH (15:5:1) and stirred for 30 min. Stirring was
stopped and the reaction mixture was allowed to settle down. The resulting white precipitate was
filtered out, dissolved in chloroform (5 ml), and the precipitation procedure was repeated three
times to get pure product. The resulting white powder was dried under high vacuum at 45 0C for
24 hours to obtain the pure product with 91% yield (2.2 g).
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1H

NMR (CDCl3, 500 MHz) δ 1.42 (72H, s), 1.56 (174H, m), 2.36 (28H, b), 2.53 (14H, b), 2.73

(28H, b), 3.23 (28, b), 3.32 (18, b), 3.46 (2, t), 5.18 (58, m).
(All amounts and NMR chemical shifts are given for the 70-(DL/L)-G3-BOC. For the 90, 50 and
30 systems, procedure is the same but amounts of the materials are varied according the weight
ratio calculations. Analysed NMR spectra for all the systems are given in the NMR spectra section)

(90/70/50/30) – (DL/L) – G3 – NH3+ TFA- (10)
To a stirred solution of (6) (1g, 0.16 mmol) in chloroform (15 mL), trifluoro acetic acid (TFA) (1.5
mL, 10% v/v) was added and stirred for 30 minutes. The final reaction mixture was air dried to
remove the TFA , dissolved in 5mL of chloroform added dropwise to 250 ml of diethyl ether. After
stirring for 30 minutes, the reaction mixture was allowed to settle down. The resulting white
precipitate was filtered out, dissolved in chloroform (5 ml), and the precipitation procedure was
repeated three times pure product (for the final precipitation 0.5 mL of MeOH was used with 5 mL
of chloroform). The resulting white powder was dried under high vacuum at 30 0C for 24 hours to
obtain the pure product with 94% yield (0.94 g).
1H

NMR (CDCl3, 500 MHz) δ (174H, m), 5.18 (58H, m).

(All the amounts and NMR chemical shifts are given for the 70-(DL/L)-G3-BOC. For the 90, 50
and 30 systems, procedure is the same but amounts of the materials are varied according the solvent
amounts which are needed to dissolve each system. Analysed NMR spectra for all the systems are
given in the NMR spectra section).
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NMR Spectra

Figure 18. 1H NMR of PAMAM-G0.5 (CDCl3, 300MHz)

Figure 19. 1H NMR of PAMAM-G1.0 (MeOD, 300 MHz)
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Figure 20. 1H NMR of PAMAM-G1.5 (CDCl3, 300 MHz)

Figure 21. 1H NMR of PAMAM-G2.0 (MeOD, 300 MHz)
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Figure 22. 1H NMR of PAMAM-G2.5 (CDCl3, 500 MHz)

Figure 23. 1H NMR of PAMAM-G3.0 (MeOD, 300 MHz)
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Figure 24. 1H NMR of PAMAM-G3.0-Boc (HO-G3-Boc) (CDCl3, 500 MHz)

Figure 25. 1H NMR of 90-DL-G3-Boc (CDCl3, 500 MHz)
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Figure 26. 1H NMR of 70-DL-G3-Boc (CDCl3, 500 MHz)

Figure 27. 1H NMR of 50-DL-G3-Boc (CDCl3, 500 MHz)
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Figure 29. 1H NMR of 30-DL-G3-Boc (CDCl3, 500 MHz)

Figure 30. MALDI-TOF of HO-G3-Boc macroinitiator (a.) and MALDI-TOF of PAMAM G3Boc macroinitiator following the reaction with acetic anhydride
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GPC Chromatograms
Table 10. Molecular weight characterization of PLA-PAMAM LDBCs via NMR and GPC in
DMF and THF
NMR
Sample
90-LG3-BOC
70-LG3-BOC
50-LG3-BOC
30-LG3-BOC
90-DLG3-BOC
70-DLG3-BOC
50-DLG3-BOC
30-DLG3-BOC

Yields MwNMR

GPCDMF

GPCTHF

Mth/ g Mn /g Mw/g
-1

mol

-1

-1

mol

mol

PDI

Mn /g Mw/g
-1

-1

mol

mol

PDI

94%

20,028

17,465 12,084 20,659 1.71

13,259

19,043

1.44

91%

6564

6350

8,189

12,012 1.52

7,470

10,988

1.47

86%

3902

4127

5,205

6,565

1.28

2,360

3,681

1.55

84%

2892

3175

3,862

4,248

1.10

1,823

2,088

1.45

92%

20,964

17,465 15,303 24,203 1.58

18,053

22,756

1.47

87%

6852

6350

8,255

11,688

1.47

7,198

10,415

1.44

87%

4044

4127

5,540

6,972

1.28

2,430

3,904

1.60

83%

2964

3175

4,402

4,941

1.13

1,912

2,207

1.15

Figure 31. GPC chromatograms for L-Lactide LDBC series and OH-G3-Boc; The mobile phase
is DMF; 90-L-G3-Boc (red), 70-L-G3-Boc (blue), 50-L-G3-Boc (green), 30-L-G3-Boc (yellow),
OH-G3-Boc (black)
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Figure 32. GPC chromatograms for DL-Lactide LDBC series; The mobile phase is DMF; 90DL-G3-Boc (red), 70-DL-G3-Boc (blue), 50-DL-G3-Boc (green), 30-DL-G3-Boc (yellow)

Figure 33. TGA of LDBCs
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DLS Spectra

Figure 34. DLS spectra of aggregates formed from 70-L-G3-NH3+; left: Size distribution by
intensity, right: size distribution by volume

Figure 35. DLS spectra of aggregates formed from 50-L-G3-NH3+; left: Size distribution by
intensity, right: size distribution by volume
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Figure 36. DLS spectra of aggregates formed from 30-L-G3-NH3+; left: Size distribution by
intensity, right: size distribution by volume

Figure 37. DLS spectra of aggregates formed from 70-DL-G3-NH3+; left: size distribution by
intensity, right: size distribution by volume
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Figure 38. DLS spectra of aggregates formed from 50-DL-G3-NH3+; left: size distribution by
intensity, right: size distribution by volume

Figure 39. DLS spectra of aggregates formed from 30-DL-G3-NH3+; left: size distribution by
intensity, right: size distribution by volume
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Surface Charge Analysis
Table 11. DLS, TEM, and Zeta potential results for PLA-PAMAM LDBC nanoaggregates
Sample

Size (d. nm)
(TEM)

Size (d. nm)
(DLS)

PDI
(DLS)

ζ-potential
(mV)

Morphology

B: 70-LG3-NH3+

20.8

122.4

0.180

36.8±1.48

C: 50-L
G3-NH3+
D: 30-L
G3-NH3+
F: 70-DL
G3-NH3+
G: 50-DL
G3-NH3+
H: 30-DL
G3-NH3+

12.2

24.2

0.463

48.2±2.08

14.2

15.6

0.467

24.7±2.71

19.2

21.0

0.212

27.0±2.99

12.06

18.0

0.328

41.9±2.29

10.6

18.0

0.570

35.6±3.81

Mixture
(worms and
vesicles)
Bilayered
vesicles
Core shell
micelle
Bilayered
vesicles
Bilayered
vesicles
Core shell
micelle
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TEM Images

Figure 40. 70-L-G3-NH3+; Nanoaggregates formed in water via direct dissolution method after
12-hour equilibration period

Figure 41. 50-L-G3-NH3+; Nanoaggregates formed in water via direct dissolution method after
12-hour equilibration period
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Figure 41. 30-L-G3-NH3+; Nanoaggregates formed in water via the direct dissolution method
after 12-hour equilibration period

Figure 42. 70-DL-G3-NH3+; Nanoaggregates formed in water via the direct dissolution method
after 12-hour equilibration period
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Figure 43. 50-DL-G3-NH3+; Nanoaggregates formed in water via direct dissolution method after
12-hour equilibration period

Figure 44. 30-DL-G3-NH3+; Nanoaggregates formed in water via direct dissolution method after
12-hour equilibration period
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Figure 45. Enlarged TEM images of nanoaggregates prepared via direct dissolution in water from
70-L-G3-NH3+ (left) and 70-DL-G3-NH3+ following the 12-hour equilibration period

Table 12. Morphologies observed via TEM for PLLA-PAMAM LDBC nanoaggregates
w/w%
Morphology of the nano aggregate
hydrophobic liner
DL-Lactide
L-Lactide
polylactide
70
core-shell vesicle
core-shell vesicle, worms (elongated micelles)
50
core-shell vesicle
core-shell vesicle
30
core-shell vesicle
core-shell micelle
90a
core-shell vesicle
worms, dumbbells and core-shell vesicle
All the observed morphologies via TEM. The cystamine stereotype (L-lactide) showed majority
of elongated micelles (worm-like aggregates) with the increase of hydrophobic content to 70%.
The morphologies discussed in the main text were deduced by the best curve fit with the SAXS
data. The additional TEM images provides further evidence of bilayered vesicles. “The
nanoaggregates prepared from the 90 wt% LDBCs were prepared via nanoprecipitation.
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CAC Data
Table 13. CAC data for the NH3+ LDBC series
LDBCs

CAC (mg/L)

70-L-G3- NH3+
50-L-G3- NH3+
30-L-G3- NH3+
70-DL-G3- NH3+
50-DL-G3- NH3+
30-DL-G3- NH3+

1.82  0.49
6.59  1.14
9.75  3.07
0.91  0.23
1.41  0.30
9.31  3.57

Figure 46. Excitation ratio vs log concentration for aggregates formed from 70-L-G3-NH3+ (left)
and 50-L-G3-NH3+ (right)

Figure 47. Excitation ratio vs log concentration for aggregates formed from 30-L-G3-NH3+ (left)
and 70-DL-G3-NH3+ (right)
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Figure 48. Excitation ratio vs log concentration for aggregates formed from 50-DL-G3-NH3+
(left) and 30-DL-G3-NH3+ (right)

104

Appendix B: Supplementary Information for Chapter 3

Synthetic Details
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Scheme 6. Synthesis of PAMAM-G3-THP
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Scheme 7. Synthesis of PAMAM-G3-TBE
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Generation 0.5
Methyl acrylate (73.7 mL) was dissolved in 50 weight percent methanol (147.4 mL) and chilled to
0C using an ice bath. Ethanol amine (10.1 mL) was dissolved in 20 weight percent methanol (50
mL) and was added dropwise to the methyl acrylate solution over one hour. After the addition of
ethanol amine, the reaction mixture was heated to 35C and allowed to stir for 24 hours. The
methanol was removed from the crude product using the rotary evaporator, and the excess methyl
acylate was removed by washing the crude product several times with butanol, followed by several
washes of reagent alcohol, followed by methanol. Each of these solvents was removed using the
rotary evaporator.
1H

NMR (CDCl3, 300 MHz) δ 2.37 (4H, t), 2.49 (2H, t), 2.7 (4H, t), 2.97 (1H, broad), 3.48 (2H,

t), 3.58 (6H, s)

Generation 1.0
Ethylene diamine (173.6 mL) was dissolved in 50 weight percent methanol (320 mL) and chilled
to 0C using an ice bath. PAMAM-G0.5 (30.0 g) was dissolved in 20 weight percent of methanol
(150 mL) and was added dropwise to the ethylene diamine solution over one hour. After the
addition of PAMAM-G0.5, the reaction mixture was heated at 35C for 24 hours. The methanol
was removed from the crude product using the rotary evaporator, and the excess ethylene diamine
was removed by washing the crude product several times with butanol, followed by several washes
of reagent alcohol, followed by methanol. Each of these solvents was removed using the rotary
evaporator.
NMR: (MeOD, 300 MHz)  2.37 (4H, t), 2.75 (10H, m), 3.30 (8H, m); Solvent impurities:
Isopropyl alcohol
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Generation 1.5
Methyl acrylate (350 mL) was dissolved in 50 weight percent methanol (670 mL) and chilled to
0C using an ice bath. PAMAM-G1.0 (37.21 g) was dissolved in 20 weight percent methanol (190
mL) and then added dropwise to the methyl acrylate solution over a one-hour period. After the
PAMAM-G1.0 was fully added, the reaction mixture was then stirred at room temperature for five
days. The crude reaction mixture was concentrated using the rotary evaporator. The excess methyl
acrylate was removed by washing the crude product several times with butanol, followed by
several washes with reagent alcohol, followed by methanol. Each of these solvents was removed
using the rotary evaporator.
1H

NMR (CDCl3, 300 MHz) δ 2.36-2.49 (12H, m), 2.55 (4H, t), 2.64 (2H, t), 2.76 (8H, t), 2.84

(4H, t), 3.29 (4H, q) 3.59-3.65 (3H, m), 3.69 (12H, s)

Generation 2.0
Ethylene diamine (343.46 mL) was dissolved in 50 weight percent methanol (620 mL) and chilled
to 0C using an ice bath. PAMAM-G1.5 (81.489 g) was dissolved in 20 weight percent (407 mL)
and then added dropwise over one hour into the ethylene diamine solution. After the PAMAMG1.5 was fully added to the ethylene diamine solution, the reaction was allowed to stir at room
temperature for 12 days. To purify, the EDA was removed via iterative washes with butanol,
reagent alcohol, and methanol. These solvents were removed via vacuum using the rotary
evaporator.
1H

NMR (MeOD, 300 MHz) 2.42 (11H, s) 2.65-3.00 (32H, m), 3.33-3.5 (12H, m), 3.7 (2H, s);

Solvent impurities: water
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Generation 2.5
Methyl acrylate (575.93 mL) was dissolved in 50 weight percent methanol (1148 mL) and chilled
to 0C using an ice bath. PAMAM-G2.0 (95.484 g) was dissolved in 20 weight percent methanol
(477.4 mL) and then added dropwise over one hour into the methyl acrylate solution. After the
PAMAM-G2.0 was fully added to the methyl acrylate solution, the reaction was allowed to stir at
35C for 6 days. After the reaction had reached completion, the excess methyl acrylate was
removed via vacuum on the rotary evaporator by iterative washes of butanol, reagent alcohol, and
methanol.
1H

NMR (CDCl3, 300 MHz)  2.42 (28H, t), 2.51 (5H, s), 2.65-2.7 (34H, m), 2.8-2.9 (71H, m),

3.25-3.35 (31H, m), 3.65 (5H, t)
Generation 3.0
Ethylene diamine (75 mL) was dissolved in 50 weight percent methanol (135 mL) and then chilled
on an ice bath to 0 C. PAMAM-G2.5 (18.51 g) was dissolved in 20 weight percent methanol (100
mL) and then added dropwise over a 1-hour period into the EDA solution. Following the complete
addition of the PAMAM-G2.5 solution, the reaction was allowed to stir at 35 C for 72 hours.
After the reaction had reached completion, the excess EDA was removed via iterative washes of
butanol, reagent alcohol, and methanol on the rotary evaporator.
H NMR (MeOD, 300 MHz)  2.33 (22H, s), 2.48-2.80 (52H, m), 3.17 (25H, s), 3.5 (33H, s)

1
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Generation 3.0-Boc
In a round bottom flask, G3.0 PAMAM (23 g) was dissolved in 10 weight percent methanol (205
mL) and then cooled to 0 C using an ice bath. Boc anhydride (60.67 g) was dissolved in 30 weight
percent methanol (205 mL) and then added dropwise into the PAMAM solution. The reaction
mixture was then allowed to warm to room temperature and then stir for 48-hours. Once the
reaction was complete, the crude mixture was concentrated via rotary evaporator and then
precipitated into pure hexanes to remove the unreacted Boc anhydride. The precipitant is then dried
under vacuo yielding the final product.
1H

NMR (CDCl3, 300 MHz)  1.44 (72H, s), 2.33-2.89 broad (81H, m), 3.25 (47H, d), 3.5 broad

(3H, s), 3.65 broad (3H, s)

PAMAM-G3.0-THP
THP Monomer
In dry conditions, N-benzyl ethanolamine (5mL) was dissolved in dichloromethane (20 mL). The
reaction was cooled with a water bath to between 10-16C. Methanesulfonic acid was added
dropwise over 45 minutes, then the reaction mixture was allowed to stir for 10 minutes, while
carefully maintaining the temperature between 10-16C. 3,4-dihydro-2H-pyran (DHP) was added
dropwise over 30 minutes while maintaining a temperature of 10-15C. After DHP addition, the
temperature was brought to 15C and the reaction was stirred for 1 hour. The solution turned green
in color. To purify, a 3N sodium hydroxide solution was cooled to 5-10C and the crude product
was added dropwise with vigorous stirring. The organic and aqueous layers were then separated,
and the organic layer was dried using sodium thiosulfate followed by concentration under vacuum.
The product obtained was a yellow oily substance.
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NMR: (CDCl3, 300 MHz)  1.5-2.0 (8H, m), 2.74 (3H, s), 3.12 (2H, s), 3.46 (1H, s), 3.76 (2H, d),
3.96 (2H,s ), 4.24 (2H, m), 7.45 (2H. d)
Without further purification, N-benzylTHP ethanol amine (23.5 grams) was dissolved in ethanol
(352.5 mL) and stirred with Pd/C (7.7092 g) in a H2 environment. Reaction progress was monitored
via nuclear magnetic resonance. The crude product was filtered over celite and then concentrated
under vacuum. The final product was a yellow oil.
NMR: (CDCl3, 300 MHz) 1.17-1.9 (10H, m), 2.71 (2H, s), 2.87 (2H, m), 3.21-3.53 (2H, m), 3.663.95 (2H, m), 4.56 (1H, s)

PAMAM-G3.0-THP (OH-PAMAM-G3-THP)
In a round-bottom flask, the THP monomer (17.13 g, 127.09 mmol) was dissolved in 50 weight
percent methanol (40 mL) and chilled to 0 C using an ice bath. PAMAM-G2.5 (4.5584 g, 3.177
mmol) was dissolved in 50 weight percent methanol (10 mL) and then added dropwise into the
THP monomer solution over a 30 minutes time period. The reaction was then warmed to room
temperature and then heated to 60 C until the reaction was completed. To purify, the dendrimer
was dialyzed against a 4:1 methanol: water solvent system using dialysis tubing.

(70/30)-DL-THP
To a stirred solution of OH-PAMAM-G3-THP (1.0 g, 0.4298 mmol) and DL-lactide (6.3972 g,
44.38 mmol) in chloroform (25 mL), DBU (0.161 mL, (1.0745 mmol) was added under an inert
atmosphere. The reaction was allowed to stir for 4 hours at room temperature. To quench the
reaction, benzoic acid (0.0787 g, 0.6447 mmol) was added to the reaction mixture and allowed to
stir for approximately 30 minutes. The final reaction mixture was precipitated, dropwise into a
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1000 mL solvent mixture containing methanol: diethyl ether: hexanes (1:2:7) with rapid stirring
for 3 hours. The whitish-yellow precipitant was allowed to settle overnight before decanting. The
solid material was then redissolved in a minimal amount of dichloromethane and the precipitation
procedure was repeated three more times to obtain the pure product. The final product was then
dried under high vacuum overnight to obtain the pure product.

(70/30)-DL-OH
To a stirred solution of 70-DL-G3-THP (1.709 g) in dichloromethane (14 mL) trifluoracetic acid
(TFA) (3 mL) was added dropwise and allowed to stir for 1 hour. To this solution, methanol (3
mL) was added dropwise and allowed to stir for another hour. The final product was then
precipitated into pure hexanes and then dried under vacuum for 48 hours.

PAMAM-G3.0-TBE
G2.0 PAMAM (12.89 g; 17.28 mmol) was dissolved in 20 weight percent methanol and added
dropwise to a stirred, chilled solution of tert-butyl acrylate (125.41 mL; 864 mmol) in 50 weight
percent methanol. The reaction was allowed to stir at room temperature for three days until the
reaction reached completion. To purify, the monomer was removed under vacuum using the rotary
evaporator. Three washes each of butanol, reagent alcohol and methanol were used to help
evaporate the monomer. The remaining material was then dissolved in a minimal amount of
chloroform and precipitated into hexanes. The precipitate was collected, then this precipitation
procedure was repeated twice more. The product was then dried under vacuum, thus yielding the
final product.
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NMR: (MeOD, 300 MHz)  1.45 (72H, s), 2.37 (21H, t), 2.56 (12H, t), 2.76 (22H, m), 3.27 (8H,
m), 3.62 (2H, m)

(70/30)-DL-G3-TBE
To a stirred solution of G3.0-PAMAM-TBE (1.0484 g; 0.56454 mmol) and DL-lactide (6.6821 g;
47.67 mmol) in chloroform (25 mL), DBU (0.211 mL; 1.41 mmol) was added under inert
conditions. The reaction was allowed to stir for 4 hours at room temperature. To quench the
reaction, benzoic acid (0.103 g; 0.843 mmol) was added to the reaction mixture and then stirred
for 30 minutes. The final reaction mixture was precipitated into a mixture of hexanes, diethyl ether,
and methanol in a ratio of 7:3:1. The precipitant was allowed to stir for 3 hours and then allowed
to settle overnight. The precipitated product was then dissolved again in a minimal amount of
chloroform and this precipitation step was repeated twice more. The purified material was then
dried under vacuum to yield the final product as a white, flaky solid.

(70/30)-DL-G3-COO-

To a stirred solution of 70-DL-G3-TBE (0.5459 g) in DCM (5 mL), TFA (3 mL) was added
dropwise. The solution was allowed to stir for one hour before air-drying to remove the excess
TFA. The final product was then dried under vacuum, yielding the final product as a sticky, solid.
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NMR Spectra
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Figure 51. 1H NMR of PAMAM-G3.0-THP

Figure 52. 1H NMR of PAMAM-G3.0-TBE
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Figure 53. 1H NMR of 70-DL-G3-THP

Figure 54. 1 H NMR of 70-DL-G3-TBE
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Figure 55. 1H NMR of 30-DL-G3-TBE

Figure 56. 1H NMR of 70-DL-G3-OH
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Figure 57. 1H NMR of 30-DL-G3-OH

Figure 58. 1H NMR of 70-DL-G3-COOH
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Figure 59. 1H NMR of 30-DL-G3-COOH
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Molecular Weight Characterization
Table 14. Molecular weight calculations table and nomenclature for PDLLA-PAMAM LDBCs
(theoretical molecular weights)
MW
protected
macroinitiator
(g mol-1)

MW
deprotected
macroinitiator
(g mol-1)

MW
DLLactide
block
(g mol-1)

MW
protected
LDBC
(g mol-1)

MW
deprotected
LDBC
(g mol-1)

70-DL-G3-Boc
(NH3+)

2,460

1,667

3,890

6,350

5,557

30-DL-G3-Boc
(NH3+)

2,460

1,667

714

3,174

2,381

70-DL-G3THP (OH)

2,340

1,667

3,890

6,230

5,557

30-DL-G3THP (OH)

2,340

1,667

714

3,054

2,381

70-DL-G3TBE (COO-)

1,771

1,314

3,067

4,838

4,381

30-DL-G3TBE (COO-)

1,771

1,314

563

2,335

1,878

DLS Spectra

Figure 60. DLS spectra of 70-DL-G3-NH3+ aggregates formed in water via the nanoprecipitation
method; left: intensity, right: number
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Figure 61. DLS spectra of 30-DL-G3-NH3+ aggregates formed in water via the
nanoprecipitation method; left: intensity, right: number

Figure 62. DLS spectra of 70-DL-G3-OH aggregates formed in water via the nanoprecipitation
method; left: intensity, right: number

Figure 63. DLS spectra of 30-DL-G3-OH aggregates formed in water via the nanoprecipitation
method; left: intensity, right: number
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Figure 64. DLS spectra of 70-DL-G3-COO- aggregates formed in water via the
nanoprecipitation method; left: intensity, right: number

Figure 65. DLS spectra of 30-DL-G3-COO- aggregates formed in water via the
nanoprecipitation method; left: intensity, right: number
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Figure 66. DLS spectra of 70-DL-G3-NH3+ aggregates formed in HEPES buffer via the
nanoprecipitation method; left: intensity, right: number

Figure 67. DLS spectra of 30-DL-G3-NH3+ aggregates formed in HEPES buffer via the
nanoprecipitation method; left: intensity, right: number

Figure 68. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method; left: intensity, right: number
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Figure 69. DLS spectra of 30-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method; left: intensity, right: number

Figure 70. DLS spectra of 70-DL-G3-COO- aggregates formed in HEPES buffer via the
nanoprecipitation method; left: intensity, right: number

Figure 71. DLS spectra of 30-DL-G3-COO- aggregates formed in HEPES buffer via the
nanoprecipitation method; left: intensity, right: number
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Figure 72. DLS spectra of 70-DL-G3-NH3+ aggregates formed in PBS buffer via the
nanoprecipitation method; left: intensity, right: number

Figure 73. DLS spectra of 30-DL-G3-NH3+ aggregates formed in PBS buffer via the
nanoprecipitation method; left: intensity, right: number

Figure 74. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method; left: intensity, right: number
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Figure 75. DLS spectra of 30-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method; left: intensity, right: number

Figure 76. DLS spectra of 70-DL-G3-COO- aggregates formed in PBS buffer via the
nanoprecipitation method; left: intensity, right: number

Figure 77. DLS spectra of 30-DL-G3-COO- aggregates formed in PBS buffer via the
nanoprecipitation method; left: intensity, right: number
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pH Dependent study of 70-DL-G3-OH

Figure 78. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method at pH 5; left: intensity, right: number

Figure 79. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method at pH 5.5; left: intensity, right: number

Figure 80. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method at pH 6; left: intensity, right: number
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Figure 81. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method at pH 6.5; left: intensity, right: number

Figure 82. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method at pH 7; left: intensity, right: number

Figure 83. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method at pH 8; left: intensity, right: number
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Figure 84. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method at pH 8.5; left: intensity, right: number

Figure 85. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method at pH 9; left: intensity, right: number

Figure 86. DLS spectra of 70-DL-G3-OH aggregates formed in HEPES buffer via the
nanoprecipitation method at pH 10; left: intensity, right: number
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Figure 87. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method at pH 5; left: intensity, right: number

Figure 88. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method at pH 5.5; left: intensity, right: number

Figure 89. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method at pH 6; left: intensity, right: number
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Figure 90. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method at pH 6.5; left: intensity, right: number

Figure 91. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method at pH 7; left: intensity, right: number

Figure 92. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method at pH 8; left: intensity, right: number
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Figure 93. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method at pH 8.5; left: intensity, right: number

Figure 94. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method at pH 9; left: intensity, right: number

Figure 95. DLS spectra of 70-DL-G3-OH aggregates formed in PBS buffer via the
nanoprecipitation method at pH 10; left: intensity, right: number
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CAC data
Table 15. CAC values of PDLLA-PAMAM nanoaggregates formed in water and HEPES buffer
CAC Values (mg L-1)
Sample

H2O

HEPES

70-DL-G3-NH3+

1.37

2.25

30-DL-G3-NH3+

38.9

28.5

70-DL-G3-OH

5.42

1.33

30-DL-G3-OH

34.1

7.5

70-DL-G3-COO-

0.41

1.95

30-DL-G3-COO-

4.10

29.6

Figure 96. Excitation ratio vs log concentration plot for 70-DL-G3-NH3+ aggregates formed in
aqueous media; left: water, center: HEPES buffer, right: PBS buffer

Figure 97. Excitation ratio vs log concentration plot for 30-DL-G3-NH3+ aggregates formed in
aqueous media; left: water, center: HEPES buffer, right: PBS buffer
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Figure 98. Excitation ratio vs log concentration plot for 70-DL-G3-OH aggregates formed in
aqueous media; left: water, center: HEPES buffer, right: PBS buffer

Figure 99. Excitation ratio vs log concentration for 30-DL-G3-OH aggregates formed in
aqueous media; left: water, center: HEPES buffer, right: PBS buffer

Figure 100. Excitation ratio vs log concentration for 70-DL-G3-COO- aggregates formed in
aqueous media; left: water, center: HEPES buffer, right: PBS buffer
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Figure 101. Excitation ratio vs log concentration for 30-DL-G3-COO- aggregates formed in
aqueous media; left: water, center: HEPES buffer, right: PBS buffer
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Protein Binding Assay
Table 16. DLS results of protein binding assay using BSA as model protein in water
Water
Sample Name
Intensity (d. nm) Number (d. nm)
PDI
Zeta Potential
-1
BSA (2 mg mL )
3.097
2.006
0.332
-22.867
+
70-DL-G3-NH3
572.93
278.37
0.362
+19.73
30-DL-G3-NH3+
926.13
905.77
0.687
-4.46
70-DL-G3-OH
614.90
608.77
0.954
+29.70
30-DL-G3-OH
226.07
85.90
0.228
+21.67
70-DL-G3-COO270.73
234.57
0.724
+10.33
30-DL-G3-COO
1077.73
1022.70
0.721
+31.60
Table 17. DLS results of protein binding assay using BSA as model protein in HEPES buffer
HEPES
Sample Name
Intensity (d. nm) Number (d. nm)
PDI
Zeta Potential
-1
BSA (2 mg mL )
7.315
5.479
0.3863
-6.184
+
70-DL-G3-NH3
244.93
182.13
0.102
+32.00
30-DL-G3-NH3+
826.30
807.10
0.454
-17.70
70-DL-G3-OH
231.50
94.84
0.201
-37.60
30-DL-G3-OH
2002.57
738.20
0.622
-10.36
70-DL-G3-COO252.90
101.71
0.213
-45.83
30-DL-G3-COO
195.97
45.20
0.254
-38.80
Table 18. DLS results of protein binding assay using BSA as model protein in PBS buffer
PBS
Sample Name
Intensity (d. nm) Number (d. nm)
PDI
Zeta Potential
BSA (2 mg mL-1)
9.642
7.208
0.220
-8.512
+
70-DL-G3-NH3
543.67
223.87
0.715
-8.50
+
30-DL-G3-NH3
824.13
798.53
0.446
-11.83
70-DL-G3-OH
1374.67
1204.33
0.49
-29.00
30-DL-G3-OH
1165.67
846.75
0.543
-6.27
70-DL-G3-COO
1349.67
1274
0.527
-33.1
30-DL-G3-COO1286.67
1102.33
0.490
-11.08
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Figure 102. DLS spectra of BSA in water; left: intensity, right: number

Figure 103. DLS spectra of BSA in HEPES buffer; left: intensity, right: number

Figure 104. DLS spectra of BSA in PBS buffer; left: intensity, right: number
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Figure 105. DLS spectra of 70-DL-G3-NH3+ aggregates formed via nanoprecipitation in water
following protein treatment with BSA; left: intensity, right: number

Figure 106. DLS spectra of 30-DL-G3-NH3+= aggregates formed via nanoprecipitation in water
following protein treatment with BSA; left: intensity, right: number

Figure 107. DLS spectra of 70-DL-G3-OH aggregates formed via nanoprecipitation in water
following protein treatment with BSA; left: intensity, right: number
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Figure 108. DLS spectra 30-DL-G3-OH aggregates formed via nanoprecipitation in water
following protein treatment with BSA; left: intensity, right: number

Figure 109. DLS spectra of 70-DL-G3-COO- aggregates formed via nanoprecipitation in water
following protein treatment with BSA; left: intensity, right: number

Figure 110. DLS spectra of 30-DL-G3-COO- aggregates formed via nanoprecipitation in water
following protein treatment with BSA; left: intensity, right: number
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Figure 111. DLS spectra of 70-DL-G3-NH3+ aggregates formed via nanoprecipitation in HEPES
buffer following protein treatment with BSA; left: intensity, right: number

Figure 112. DLS spectra of 30-DL-G3-NH3+ aggregates formed via nanoprecipitation in HEPES
buffer following protein treatment with BSA; left: intensity, right: number

Figure 113. DLS spectra of 70-DL-G3-OH aggregates formed via nanoprecipitation in HEPES
buffer following protein treatment with BSA; left: intensity, right: number
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Figure 114. DLS spectra of 30-DL-G3-OH aggregates formed via nanoprecipitation in HEPES
buffer following protein treatment with BSA; left: intensity, right: number

Figure 115. DLS spectra of 70-DL-G3-COO- aggregates formed via nanoprecipitation in HEPES
buffer following protein treatment with BSA; left: intensity, right: number

Figure 116. DLS spectra of 30-DL-G3-COO- aggregates formed via nanoprecipitation in
HEPES buffer following protein treatment with BSA; left: intensity, right: number
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Figure 117. DLS spectra of 70-DL-G3-NH3+ aggregates formed via nanoprecipitation in PBS
buffer following protein treatment with BSA; left: intensity, right: number

Figure 118. DLS spectra of 30-DL-G3-NH3+ aggregates formed via nanoprecipitation in PBS
buffer following protein treatment with BSA; left: intensity, right: number

Figure 119. DLS spectra of 70-DL-G3-OH aggregates formed via nanoprecipitation in PBS
buffer following protein treatment with BSA; left: intensity, right: number
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Figure 120. DLS spectra of 30-DL-G3-OH aggregates formed via nanoprecipitation in PBS
buffer following protein treatment with BSA; left: intensity, right: number

Figure 121. DLS spectra of 70-DL-G3-COO- aggregates formed via nanoprecipitation in PBS
buffer following protein treatment with BSA; left: intensity, right: number

Figure 122. DLS spectra of 30-DL-G3-COO- aggregates formed via nanoprecipitation in PBS
buffer following protein treatment with BSA; left: intensity, right: number
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Engineers (NOBCChE) 46th Annual Conference, St. Louis, MO, November 19, 2019
Chinwe Udemba, Briana L. Simms, William Rieger, Indika Chandrasiri, Daniel G. Abebe,
Davita L. Watkins. Poster, PAMAM Derivatives for Low-Toxicity Biomaterials, Applied
Polymer Extension Consortium: 7th Annual Polymer Research Consortium, Baton Rouge,
LA, November 2, 2019
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Simms BL, Rieger W, Chandrasiri I, Abebe DG and Watkins DL (2018). End-group
modification of linear- dendritic block copolymers (LDBCs) as multifunctional carriers for
targeted drug delivery. Front. Chem. Conference Abstract: National Organization for the
Professional Advancement of Black Chemists and Chemical Engineers (NOBCChE) 45th
Annual Conference. Accepted: DOI: 10.3389/conf.fchem.2018.01.00055
Briana L. Simms, Davita L. Watkins, Departmental Literature Seminar, An in-depth look
at the Ringsdorf model for pharmacologically active polymers. Department of Chemistry
and Biochemistry- University of Mississippi, Oxford, MS, November 14, 2017
Briana L. Simms, William Rieger, Indika Chandrasiri, Daniel G. Abebe, Davita L.
Watkins. Poster, Heterobifunctional linear-dendritic block copolymers (LDBCs) as
multifunctional carriers for targeted drug delivery, Applied Polymer Extension
Consortium: 5th Annual Polymer Research Consortium, Hattiesburg, MS, November 13,
2017
Briana L. Simms, Joshua M. Hunter, Candace M. Lawrence, Poster. Development and
synthesis of supramolecular polymers utilizing nucleobase interactions: Synthesis of
cytidine polymer precursors, 251st National Meeting and Exposition, San Diego, CA,
March 13-17, 2016

Leadership/Service to the Profession
•

•
•

•

•
•
•

2018-2020: Black Graduate & Professional Student Association (BGPSA)- President
A student organization dedicated to promoting diversity and inclusion for Graduate
Students at the University of Mississippi through programming such as professional
development, social events, and community service.
2018-2020: Vice-Chancellor’s Student Association- BGPSA Representative
Serve as a liaison between minority Graduate Students and the administrators for the
University of Mississippi
2018-Present: National Organization for Black Chemists & Chemical EngineersSecretary
An organization dedicated to helping Black and other minority students as well as
professionals in realizing their potential in the chemistry, engineering, and allied fields.
2017-Present: Increasing Minority Access to Graduate Education (IMAGE)- Graduate
Mentor
This organization prepares undergraduate students for graduate school through
professional development and mentoring from either or a graduate student within their field
of study. Also host chemistry tutoring sessions
2017-Present: Operation ICB (I Can Be)- Mentor
A summer program for high school girls to obtain a general knowledge of chemistry
concepts while also obtaining a hands-on laboratory learning experience.
2017-Present: Women in S.T.E.M- Graduate Executive Board
An organization dedicated to promoting the inclusion and advancement of women in STEM
fields.
2014-2016: STEM NOLA Volunteer
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STEM NOLA is an organization dedicated to bringing STEM ideas, concepts, and
activities, to the greater New Orleans area. This program provides a hands-on experience
to expose students K-12 to STEM.
2014, 2015: Louisiana School of the Deaf Deaf-lympics
Volunteer sign language interpreter for the Deaf-lympics at the Louisiana School of the
Deaf
2013-Present: American Chemical Society- General Member
General member of the American Chemical Society.

Achievements & Awards
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

2020 Dr. Wayne Alexander Graduate Student Award- Awarded to a full-time doctoral
student for exceptional performance in research, teaching, and service (including outreach,
diversity, equity, and inclusion)
2020 3rd place in Oral Presentation Competition at the Mississippi Academy of Sciences
Conference
2019 NOBCChE National Conference Travel Award Recipient
2019 Nominated and recognized for the Donald R. Cole Excellence in Promoting Diversity
& Inclusion in Graduate Education Award
2018 NOBCChE National Conference Travel Award Recipient
2016-Present University of Mississippi Annual Diversity Fellowship Award Recipient
2015-2016 NASA Research Scholar
2015 Sigma Gamma Rho Focus on Women Luncheon Scholarship Award Winner
2014 All-Gulf Coast Athletic Conference Women’s Track & Field
2014 Arthur Ashe Sports Scholar
2013-2016 Alpha Lambda Delta, Honor Society
2012-2014 All-Gulf Coast Athletic Conference Honor Roll
2012-2016 Partnership for Research in Materials (PREM) Scholar
2012-2016 Cross Country Student Athlete at Xavier University of Louisiana
2012-2016 Track & Field Student Athlete at Xavier University of Louisiana

Teaching Experience
Teaching Assistant
• Introduction to Biochemistry Laboratory
Spring 2018-Spring 2020
Sophomore Organic Laboratory I
(Fall 2016, Fall 2017)
• Sophomore Organic Laboratory II
(Spring 2017)
Guest Lecturer
• CHEM528- Physical Organic Chemistry: Introduction to Kinetic Isotope Effect
(Spring 2019)
• CHEM528- Physical Organic Chemistry: Introduction to Baldwin’s Rules
(Spring 2019)
• CHEM469- Instrumental Analysis: Introduction to Nuclear Magnetic Resonance
Spectroscopy
(Spring 2017, Spring 2018, Spring 2019)
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CHEM512- Advanced Instrumental Analysis: Introduction to Nuclear Magnetic
Resonance Spectroscopy
(Fall 2017, Fall 2018)
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